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Abstract		Calcium	is	involved	in	many	cellular	processes	including	muscular	contraction,	proliferation	and	cell	differentiation.	Current	studies	have	investigated	the	role	of	calcium	concentrating	on	the	distribution	and	localisation	of	calcium	ions	across	cellular	compartments.	However,	current	analysis	techniques	are	limited	in	their	capacity	to	characterise	calcium	microenvironments	within	live	cells	to	further	elucidate	the	role	of	calcium	focused	on	the	interactions	experienced	by	calcium	and	the	influence	of	environmental	conditions.	Advancements	in	fluorescent	cell	permeant	dyes	that	bind	specifically	to	calcium	have	permitted	the	investigation	of	calcium	within	live	cells.	Despite	this,	an	approach	to	characterise	changes	in	the	spectral	properties	of	these	fluorescent	dyes	within	live	cells	had	not	been	available.	The	recent	advent	of	the	Spectral	Phasor	approach,	a	spectral	imaging	analysis	technique,	offers	a	method	for	examining	shifts	in	the	spectral	profile	of	a	fluorescent	probe	indicative	of	changes	in	cellular	microenvironments.	Hence,	the	aim	of	this	thesis	was	to	determine	the	applicability	of	Spectral	Phasor	analysis	to	study	calcium	microenvironments	in	fixed	and	live	cells.			This	thesis	presents	the	adaptation	and	application	of	Spectral	Phasor	analysis	to	calcium	specific	fluorescent	probe	Fura	Red	to	characterise	spectral	shifts	indicative	of	microenvironment	changes	in	fixed	and	live	undifferentiated	L6	progenitor	myoblast	cells.	Initial	experimentation	revealed	spectral	shifts	in	the	Fura	Red	fluorescent	probe	bound	to	calcium	within	the	live	and	fixed	myoblast	cells.	Discrete	regions	exhibiting	unique	shifts	in	the	spectral	profile	of	Fura	Red	were	spatially	mapped	onto	the	cell	distinguishing	between	sections	of	the	cell	that	either	shared	similarities	in	the	alteration	to	Fura	Red	or	were	shown	to	be	spectrally	distinct.	Furthermore,	this	thesis	also	reports	the	application	of	this	approach	to	fixed	and	live	myoblast	cells	undertaking	the	early	stages	of	differentiation	to	characterise	changes	in	calcium	microenvironments	during	the	differentiation	process.	Finally,	we	also	report	the	application	of	Spectral	Phasor	analysis	to	characterise	spectral	changes	in	Fura	Red	within	live	differentiating	
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myoblast	cells	treated	with	either	Ethyl-3,4-dihydroxybenzoate	(EDHB)	or	N-(6-Aminohexyl)-5-chloro-1-	naphthalenesulfonamide	hydrochloride	(W-7).			The	findings	of	this	research	supports	previous	studies	that	convey	the	diverse	role	of	calcium	within	cellular	processes	and	cell	signalling	pathways.	This	research	also	indicates	a	potential	correlation	between	shifts	in	the	spectral	profile	of	Fura	Red	and	discrete	calcium	microenvironments	within	fixed	and	live	cells.	Future	research	effort	will	focus	on	the	characterisation	of	calcium	changes	throughout	the	full	differentiation	process	as	well	as	the	optimisation	and	further	development	of	this	technique	to	be	applied	to	the	numerous	cell	processes	that	involve	calcium.					
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Chapter	1	–	Literature	Review		
1.1	-	Calcium	
	Calcium	ions	are	important	second	messenger	molecules	in	numerous	signalling	pathways	that	drive	cellular	processes	[1,2].	Changes	in	calcium	ion	concentration	often	result	in	the	activation	of	physiological	processes	across	various	regions	of	the	cell	[3].	The	mechanism	of	calcium	influx	and	release	in	the	signalling	pathways	that	propagate	the	initial	activation	of	the	physiological	processes	has	been	previously	explored.	Yamaguchi	[4]	suggests	that	the	shift	in	calcium	ion	concentration	can	be	triggered	by	changes	in	environmental	conditions,	including	stress,	alimental	factors	and	mechanic	forces	at	the	cell	membrane.		
1.1.1	-	Role	of	Calcium	in	the	Apoptosis	and	Cancer			Calcium	ions	have	been	known	to	have	a	role	in	the	signalling	pathways	that	dictate	cell	apoptosis	[5]	as	well	as	the	formation	of	tumours	[6].	Studies	have	also	linked	the	capacity	for	calcium	to	regulate	cell	death	[7,8]	and	proliferation,	some	of	the	characterising	features	of	particular	cancers	[9].	Specific	calcium	ion	channels	and	pumps	experience	altered	expression,	which	can	reduce	cell	proliferation	and	induce	apoptosis.			Hence,	these	calcium	transporters	have	been	targets	of	interest	for	pharmalogical	modulation	in	the	treatment	of	these	particular	forms	of	cancer.	Calcium	ion	signalling	has	also	been	confirmed	to	be	involved	with	several	tumour-promoting	pathways	[9].	Therefore,	advancements	in	the	methods	utilised	to	characterise	calcium	ion	signalling	will	allow	for	further	progression	of	this	field.	Calcium	ion	characterisation	remains	to	be	a	vital	component	to	further	address	the	feasibility	of	drugs	as	well	as	their	subsequent	impact	on	calcium	transporter	expression	in	cancer	[9].		 	
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1.1.2	-	Role	of	Calcium	in	Neuronal	Activity		It	has	also	been	established	that	changes	in	free	calcium	concentration	has	a	regulatory	role	in	neuronal	activity	[8,10].	In	neurons,	calcium	ions	are	released	in	neuronal	synapses	causing	the	activation	of	calcium	ion-sensitive	potassium	channels.	The	activated	potassium	channels	trigger	membrane	hyperpolarisation	and	the	presence	of	calcium	controls	the	excitability	of	the	neuronal	cells	[8].	Calcium	ion	signals	are	often	characterised	by	short	peaks	in	concentration	and	these	spikes	induce	neuronal	responses,	such	as	the	release	of	various	neurotransmitters	[8].	
1.1.3	-	Role	of	Calcium	in	Cell	Proliferation	and	Differentiation			Calcium	ions	are	considered	key	regulators	of	cell	differentiation	and	proliferation.	Calcium	plays	a	role	in	cell	proliferation	prior	to	and	following	the	differentiation	of	cells	[8].	It	has	a	crucial	regulatory	role	and	functions	in	combination	with	other	signalling	pathways.	Although	differentiated	cells	usually	stop	proliferation,	in	some	cases	these	cells	can	maintain	the	capacity	to	return	into	the	cell	cycle	in	response	to	growth	factors	[8].	Hence,	it	is	known	that	calcium	ions	play	a	vital	role	in	the	signalling	pathways	associated	with	growth	factors	and	therefore	has	an	influence	on	cell	proliferation.				Berridge	et	al	[8]	conveys	the	notion	that	spikes	in	calcium	ion	concentration	are	involved	in	the	induction	of	differentiation	for	individual	neural	and	muscle	cells.	Differentiation	of	the	progenitor	cells	form	different	specialised	cell	types,	each	with	unique	biological	functions	[8,11].	The	influence	of	calcium	signalling	pathways	is	significant	in	ensuring	the	differentiated	cell	is	capable	of	fulfilling	its	required	function	[3,8].	Hence,	cell	differentiation	has	been	extensively	researched	within	cells	yet	there	are	still	characteristics	of	cell	differentiation	that	have	yet	to	be	completely	resolved.			There	are	a	number	of	drugs	and	compounds	available	that	have	shown	the	ability	to	induce	cell	differentiation	and	proliferation.	Histone	deacetylase	inhibitors	are	a	group	of	compounds	that	have	shown	to	induce	cell	
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differentiation	in	various	cell	types	[12].	There	is	also	a	range	of	compounds	that	arrest	the	induction	of	differentiation	and	limit	the	proliferation	of	cells.	Ethyl-3,4-dihydroxybenzoate	(EDHB)	has	been	widely	utilised	as	an	inhibitory	compound	in	several	studies	[13-15].	This	compound	is	an	inhibitor	of	prolyl-4-hydroxylase,	an	enzyme	that	is	involved	in	the	hydroxylation	of	prolyl	residues	in	the	α	chains	of	procollagen.	Proline	hydroxylation	is	a	crucial	step	in	the	synthesis	pathways	of	collagen	to	ensure	the	pro-α	chains	fold	into	the	stable	triple	helical	conformation	[15].			A	study	examining	effect	of	EDHB	on	collagen	synthesis	in	smooth	muscle	cells	(SMC)	was	conducted	to	determine	the	impact	of	the	prolyl-4-hydroxylase	inhibitor	in	smooth	muscle	cell	migration	[15].	SMCs	were	treated	for	4	days	with	400	µM	EDHB	and	assessed	for	attachment	and	migration.	The	SMCs	exposed	to	the	EDHB	treatment	were	able	to	attach	normally	to	a	substrate	however	cell	proliferation	and	the	spread	of	collagen	were	inhibited	in	these	samples.	Immunochemical	analysis	also	confirmed	abnormal	fibrillogenesis	consistent	with	underhydroxylated	collagen	[15].	Additionally,	it	was	revealed	that	the	amount	of	collagen	produced	and	the	hydroxylation	of	proline	were	reduced.		Furthermore,	EDHB	has	also	been	documented	to	inhibit	myoblast	differentiation	in	its	early	stages	by	drastically	decreasing	the	production	and	secretion	of	procollagen	[16].	Results	of	this	study	indicate	that	the	capacity	for	myoblast	fusion	is	repressed	following	the	addition	of	EDHB	to	differentiating	L6	progenitor	myoblast	cells.	However,	it	was	also	apparent	that	there	were	no	noticeable	abnormalities	as	a	result	of	EDHB	treatment.	It	was	concluded	that	EDHB	has	a	potent	inhibitory	effect	on	the	morphological	and	biochemical	characteristics	of	myoblast	differentiation.	Additionally,	there	is	an	inferred	significance	in	the	role	of	collagen	during	myoblast	differentiation	based	on	the	continued	growth	of	the	cells	but	obvious	lack	of	myoblast	fusion	[16].			Myoblast	cells	are	mononucleated	precursor	cells	that	can	undergo	differentiation	to	form	muscle	fibres	[17-19].	These	progenitor	cells	divide	and	
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proliferate	in	culture	and	then	aggregate	before	fusing	to	form	multinucleated	muscle	fibres	[17,19,20].	Once	differentiated,	these	muscle	fibres	exhibit	cross	striation	and	contractility.	A	number	of	cell	lines	have	been	utilised	to	study	the	roles	of	various	molecules	during	myoblast	differentiation,	including	the	C2C12	[21]	and	L6	myoblast	cell	lines	[17,19,20].		A	widely	utilised	model	myoblast	cell	line	is	the	L6	rat	skeletal	muscle	stem	cell	group.	Myoblast	cells	in	the	L6	family	are	precursor	cells	that	form	multinucleated	skeletal	muscle	fibres.	These	myoblasts	can	be	induced	into	stem	cell	differentiation,	a	process	in	which	the	progenitor	cells	are	starved	of	serum	to	induce	the	formation	of	multinucleated	muscle	fibres.	Once	the	myoblast	cells	have	begun	fusion	into	muscle	fibres	they	cannot	be	reverted	to	the	undifferentiated	progenitor	cell	form	[19].	The	L6	cell	line	is	often	cultured	in	Dublecco’s	modified	Eagle	medium	(DMEM)	supplemented	with	differing	percentages	of	foetal	serum.	Cells	cultured	in	DMEM	with	10%	serum	will	continue	to	proliferate	without	inducing	differentiation	[17].	However,	L6	progenitor	myoblast	cells	can	be	prompted	into	differentiation	when	the	serum	percentage	is	reduced	to	2%	in	DMEM.	Cell	culture	protocols	have	been	developed	to	maintain	L6	cell	cultures	permitting	cell	proliferation	of	the	myoblasts	and	preventing	differentiation	without	the	loss	of	their	capacity	to	differentiate.	It	is	therefore	possible	to	maintain	replication	of	the	cell	line	continuously	over	a	period	of	time	under	suitable	cell	culture	conditions	[18].			This	progenitor	cell	line	does	not	exhibit	some	of	the	characteristics	associated	with	muscle	fibres,	such	as	contractility,	in	the	undifferentiated	form.	Following	the	initiation	of	the	differentiation	process,	the	myoblast	cells	begin	to	display	characteristics	that	were	not	evident	in	the	undifferentiated	form	[18,19].	Throughout	myoblast	differentiation,	various	physiological	and	biochemical	changes	occur	that	can	be	analysed	into	the	formation	of	muscle	fibres	and	muscular	contraction.		These	characteristics	have	been	previously	confirmed	in	the	application	of	phasor-FLIM	to	characterise	NADH	distribution	within	L6	progenitor	myoblast	cells.	L6	myoblasts	provided	an	effective	model	to	analyse	NADH	distribution	due	to	the	ease	in	which	they	can	be	induced	to	differentiate.	
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NADH	was	analysed	in	the	undifferentiated	and	differentiated	states	and	provided	a	further	understanding	of	the	involvement	of	the	target	molecule	in	the	regulatory	processes	occurring	during	differentiation	[22].				The	differentiation	of	progenitor	myoblast	cells	to	form	muscle	fibres	is	a	process	that	has	been	investigated	comprehensively.	The	association	between	this	differentiation	process	and	calcium	has	been	inferred	due	to	the	significant	role	of	calcium	ions	throughout	muscular	activities,	specifically	muscular	contraction.	
1.1.4	-	Role	of	Calcium	in	Muscular	Contraction			The	specialised	role	of	calcium	ions	within	muscular	contraction	has	been	studied	extensively	and	the	influence	of	changes	in	ion	concentration	is	widely	acknowledged	[23].	Calcium	ions	are	released	from	the	sarcoplasmic	reticulum	(SR),	the	main	store	of	intracellular	calcium	ions	within	muscle	tissue,	in	response	to	the	depolarisation	of	the	muscle	membrane	[24].	The	released	calcium	ions	bind	to	troponin	causing	the	troponin	to	shift	from	a	locked	position	to	an	unlocked	position	[24].	In	the	absence	of	calcium	ions,	the	troponin	molecule	does	not	allow	binding	between	the	actin	and	myosin	fibres	hence	calcium	ions	are	required	to	release	the	repression	instigated	by	troponin	in	the	tropomyosin	complex.	Therefore,	the	calcium	ions	act	to	allow	the	contractile	machinery	to	be	activated	and	generate	muscular	contraction,	dependant	on	the	presence	of	sufficient	adenosine	triphosphate	(ATP)	[23-25].			Muscular	relaxation	occurs	when	the	nerve	action	potential	is	halted	triggering	calcium	ions	to	be	pumped	back	into	the	SR.	The	calcium	ion	pump,	a	SR	membrane	protein,	works	in	conjunction	with	the	protein	parvalbumin	to	transfers	calcium	ions	from	the	sarcoplasm	into	the	lumen	of	the	SR	at	the	expense	of	ATP	molecules	[24].	Once	the	calcium	ion	concentration	has	dropped	sufficiently,	the	calcium	attached	to	the	troponin	molecule	is	released	causing	the	tropomyosin	complex	to	return	to	the	locked	position.	Hence,	muscle	contraction	is	inhibited	in	the	absence	of	calcium	[23-25].		
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1.1.5	-	Role	of	Calcium	in	the	Regulation	of	Signalling		Shifts	in	resting	calcium	concentration	have	been	shown	to	have	a	crucial	role	in	the	signal	transduction	pathways	that	dictate	a	diverse	range	of	cellular	activities	[3,4,7].	Studies	into	nuclear	calcium	signalling	exposed	the	influence	of	calcium	in	gene	transcription	events	and	cell	cycle	progression	[7].	Calcium	mobilising	messengers	such	as	inositol	1,4,5-trisphosphate	(InsP3),	nicotinic	acid	adenine	dinucleotide	phosphate	(NAADP)	and	cyclic	ADP	ribose	(cADPR)	are	formed	in	response	to	receptor	signalling	and	intracellular	conditions	[7,26].	As	a	result	of	activation	by	these	messenger	molecules,	calcium	ions	are	released	from	the	calcium	release	channels	and	enter	the	nucleus	to	moderate	the	transcriptional	events	that	influence	various	cellular	processes	(Fig.	1.1).		One	of	the	most	significant	calcium	dependent	mechanisms	in	the	regulation	of	cellular	activity	is	the	formation	of	the	complex	comprised	of	calmodulin	and	
Figure	1.1:	Intracellular	Calcium	Signalling	Pathways.	Calcium	acts	a	messenger	within	and	between	the	cellular	compartments.	Calcium	ions	are	released	in	the	cytoplasm	and	nucleus	in	response	to	extracellular	stimuli	that	induce	intracellular	messengers	such	as	Inositol	Triphosphate	(InsP3).	Once,	released	calcium	ions	activate	or	inhibit	transcription	factors	and	chromatin	remodelling	enzymes	that	dictate	the	fate	of	numerous	cellular	processes.	Diagram	adopted	from	Bootman	et	al	[7].	
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calcium	ions.	Calmodulin	(CaM)	is	a	ubiquitous	calcium	ion	binding	protein	that	is	involved	in	the	regulation	of	many	physiological	processes	[27].	CaM	regulation	of	enzyme	activity	usually	requires	calcium	ions.	When	bound	to	calcium	ions,	a	conformational	change	in	CaM	occurs	to	facilitate	the	binding	of	the	CaM/calcium	complex	to	an	enzyme	[27].	One	of	the	processes	mediated	by	CaM	is	the	regulation	of	the	contractile	proteins,	actin	and	myosin,	which	are	crucial	in	relation	to	cell	motility.	CaM	is	believed	to	be	linked	closely	to	myosin	specifically	myosin	kinase,	an	enzyme	that	phosphorylates	a	single	residue	of	a	regulatory	myosin	light	chain.	Analysis	of	myosin	kinase	identified	that	the	regulatory	subunit	of	the	enzyme	that	binds	calcium	was	in	fact	CaM.	The	interaction	of	CaM	and	myosin	kinase	only	occurred	in	the	presence	of	calcium	ions.		Studies	investigating	CaM	identify	a	regulatory	influence	on	metabolic	pathways	within	skeletal	muscle	cells	[28].	This	role	is	inferred	based	on	the	correlation	between	the	formation	of	CaM	complexes	and	increased	activity	levels	of		phosphorylase	kinase.	This	enzyme	is	responsible	for	the	regulation	of	glycogen	breakdown	by	stimulating	glycogen	phosphorylase.	The	activation	of	the	glycogen	phosphorylase	results	in	an	increased	rate	of	glycogenolysis,	the	breakdown	of	glycogen,	in	muscle	cells.	Regulatory	activation	of	phosphorylase	kinase	is	complex	due	to	the	calcium	dependent	and	independent	mechanisms	that	are	evident	between	the	enzyme	and	CaM	[28].				Moreover,	CaM	has	a	mediatory	impact	on	calcium	ion	fluxes	to	regulate	free	cellular	calcium	ion	concentrations	[29].	This	regulation	is	established	by	the	activation	of	calcium	ion	pumps	in	the	plasma	membrane	[30]	and	sarcoplasmic	reticulum	[31].	These	calcium	ion	pumps	mediate	the	transport	of	calcium	ions	across	cellular	membranes	as	well	as	between	specialised	cellular	features,	such	as	the	sarcoplasmic	reticulum,	to	influence	the	effects	of	calcium	ion	signals	related	to	shifts	in	calcium	ion	concentration.							The	interaction	between	the	CaM	complex	and	specific	target	enzymes	has	been	studied	to	develop	a	greater	understanding	of	the	mechanisms	in	which	this	
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association	influences	various	cellular	processes.	Inhibitors	of	CaM	can	disrupt	the	formation	of	calcium-CaM	complex,	which	is	essential	to	the	regulation	of	processes	altering	activity	and	function	of	cells.	N-(6-Aminohexyl)-5-chloro-1-naphthalenesulfonamide	hydrochloride	(W-7)	is	a	calmodulin	antagonist	that	has	been	previously	used	to	study	calcium	ion	and	calmodulin	dependent	activation	of	numerous	enzymes	[32,33].			W-7	has	been	shown	to	have	an	effect	on	the	structure	of	calcium	bound	CaM	upon	binding	to	the	complex.	Osawa	et	al	[32]	explain	that	upon	binding	of	W-7	there	is	a	shift	in	the	structure	of	calcium-bound	CaM	from	an	elongated	shape,	comprised	of	two	globular	domains	held	together	by	a	highly	flexible	linker,	to	a	compact	globular	shape.	They	suggested	that	the	cause	of	this	drastic	change	in	structure	is	due	to	inter-domain	compaction	and	infers	a	tendency	of	the	CaM	complex	to	form	a	globular	structure	in	solution	when	in	the	presence	of	an	antagonist	such	as	W-7.	Despite	this	shift	in	the	shape	of	the	complex,	it	was	reported	that	the	conformation	of	each	CaM	domains	remained	fundamentally	unaffected	by	the	binding	of	W-7.	They	also	observed	that	the	addition	of	W-7	caused	significant	variation	in	the	dynamics	and	orientation	of	the	two	CaM	domains	based	on	the	inter-domain	compaction,	which	may	impact	binding	to	various	target	molecules	[32].							Treatment	of	SMC	subsets	derived	from	human	carotid	plaque	with	W-7	prompted	various	observations	pertaining	to	the	effects	of	this	compound	on	the	differentiation	and	proliferation	of	SMCs	[34].	Both	a	large	and	small	subset	of	the	SMCs	were	derived	from	carotid	specimens.	The	small	SMCs	exhibited	a	higher	rate	of	proliferative	and	migratory	activity,	however	were	not	as	differentiated	as	the	large	SMCs.	CaM	expression	was	found	to	be	greater	in	the	small	SMC	subset	but	co-culture	of	the	large	SMCs	with	foam	cells	induced	a	transition	to	the	small	SMC	phenotype	increasing	CaM	expression.	Large	and	small	SMCs	subsets	were	incubated	with	and	without	10	µM	W-7	over	72	hours	and	7	days	to	assess	the	effects	of	proliferation	and	differentiation	on	these	cells.		The	results	indicated	that	incubation	with	W-7	decreased	the	proliferation	
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capacity	of	the	small	SMCs.	W-7	also	prohibited	the	transition	from	the	large	phenotype	to	the	small	SMC	phenotype	[34].			W-7	is	a	widely	utilised	CaM	inhibitory	compound	due	to	the	high	affinity	it	possesses	for	CaM.	In	comparison	with	other	CaM	antagonists,	the	degree	of	cell	toxicity	is	low	minimising	effects	on	the	cell	samples	as	a	result	of	toxicity	[34].	The	antagonistic	mechanism	of	W-7	is	suggested	to	inhibit	the	activation	of	CaM	targets	as	W-7	attaches	to	the	hydrophobic	binding	pockets	that	ultimately	modulate	the	regulation	of	CaM	activity	[34,35].			As	a	result	of	this	significant	role	that	calcium	holds	in	biological	processes,	there	has	been	extensive	efforts	to	characterise	the	mechanisms	and	influences	of	intracellular	calcium.	This	has	resulted	in	the	use	of	various	analytical	techniques	to	measure	intracellular	changes	during	biochemical	reactions	and	physiological	events.	These	techniques	have	been	continually	developed	to	greater	understand	the	processes	that	are	influenced	by	calcium	ions	within	live	cells	in	real	time.			
1.2	-	Fluorescence	
1.2.1	–	Fluorescence	Microscopy		Fluorescence	is	the	phenomenon	in	which	molecules	absorb	light	causing	some	molecules	to	enter	a	state	of	excitement.	The	molecule	will	remain	in	this	state	of	excitement	for	a	period	of	time,	often	referred	to	as	a	lifetime,	before	it	returns	to	the	original	ground	state	(Fig.	1.2).	As	the	fluorescent	probe	returns	to	the	ground	state,	light	is	emitted	at	a	lower	energy	state	than	the	absorbed	light.	The	observed	energy	difference	between	the	absorbed	light	and	the	emitted	light	is	defined	as	the	Stokes	shift	[36].	Imaging	techniques	that	have	been	developed	based	on	fluorescence	are	idyllic	for	observing	target	molecules	within	cells.	This	is	due	to	the	non-invasive	nature	of	these	methods	as	well	as	high	sensitivity	and	specificity	[37].				
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	Traditional	fluorescence	techniques,	including	Fluorescence	Correlation	Spectroscopy	(FCS)	and	Epifluorescence	microscopy,	have	provided	proficient	tools	to	investigate	intracellular	components	and	environments	exploiting	the	dynamics	of	fluorescence	to	examine	various	molecular	interactions	and	processes.	Fluorescence	microscopy	permits	the	detection	of	fluorescence	emission	at	a	specified	wavelength	without	detecting	excitation	wavelength	emission	[38].	Hence,	the	specificity	of	imaging	analysis	is	increased	and	can	be	applied	to	detect	the	emission	of	fluorescent	probes	and	molecules	within	cells.		The	aforementioned	fluorescence	techniques	have	permitted	a	deeper	understanding	of	cellular	processes	and	significant	molecules	in	the	cellular	microenvironment	through	the	quantification	and	spatial	mapping	of	such	target	molecules.		
1.2.2	–	Confocal	Microscopy		Confocal	microscopy	is	based	on	the	fundamental	characteristics	of	light	microscopy	that	permit	cell	and	tissue	imaging	[39].	Confocal	microscopes	utilises	laser	beams	in	place	of	a	visible	light	source.	The	lasers	emit	at	a	specific	wavelength	on	the	spectrum	allowing	the	selection	of	a	laser	that	is	closest	to	or	at	the	excitation	wavelength	of	the	fluorescent	molecule	that	is	to	be	analysed.	The	laser	can	be	focused	on	a	specific	point	in	the	sample	providing	a	constant	
Figure	2.2:	Jablonski	diagram	illustrating	the	energy	state	of	molecules.		Fluorescent	molecules	can	be	excited	into	the	excited	energy	states.	Emission	of	this	absorbed	energy	results	in	the	return	to	the	ground	state	(S0).	Adapted	from	Lichtman	and	Conchello	[38].	
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beam	[40].	The	excitation	laser	beam	is	reflected	by	the	dichromatic	filter	from	the	excitation	source	and	passes	down	through	the	objective	onto	the	sample.	The	fluorophore	bound	to	the	particular	target	can	then	be	excited	causing	the	probe	to	fluoresce.	The	fluorescent	emission	returns	through	the	objective	and	passes	through	the	dichromatic	filter	to	be	detected	by	the	Photon	Multiplier	Tube	(PMT)	detector	[41].		A	pinhole	prior	to	entry	into	the	PMT	detector	minimises	the	detection	of	background	fluorescence	from	other	focal	planes.	This	increases	the	resolution	of	cell	images	and	is	an	advantage	of	this	technique	that	adds	to	the	appeal	of	this	form	of	microscopy.	The	laser	scanning	axis	can	be	analysed		‘x’	and	‘y’	as	well	as	‘z’	position	permitting	the	acquisition	of	multiple	optical	slice	in	a	non-invasive	manner	[42].	These	optical	slices	can	be	processed	into	three-dimensional	images	with	the	additional	capacity	for	four-dimensional	studies	when	incorporating	time	scan	functions.	This	allows	treatment	of	live	cells	to	be	monitored	and	at	any	spatial	location	within	the	cell	thus	overcoming	the	temporal	and	spatial	limitations	[41].		
1.2.3	–	Fluorescence	Resonance	Energy	Transfer			Fluorescence	resonance	energy	transfer	(FRET)	is	an	important	concept	within	fluorescence	that	entails	an	excited	state	reaction	involving	the	transfer	of	fluorescent	energy	from	an	excited	donor	fluorophore	to	an	acceptor	fluorophore	[43,44].	The	excited	donor	fluorophore	may	either	decay	or	transfer	the	energy	to	the	acceptor.	The	excited	acceptor	may	then	decay	non-radiatively	or	may	emit	a	photon	that	can	be	detected.	Analysis	of	the	emitted	photon	allows	for	the	determination	of	its	colour,	arrival	time	and	the	delay	time	between	the	laser	pulse	and	the	detection	of	the	photon	[43,44].			
1.2.4	–	Fluorescence	Lifetime	Imaging	Microscopy			Fluorescence	Lifetime	Imaging	Microscopy	(FLIM)	is	a	popular	technique	that	has	been	widely	used	to	analyse	the	fluorescence	lifetime	of	a	fluorophore	in	the	excited	state	to	explore	the	dynamics	of	the	molecular	environment	[37,45,46].	FLIM	spatially	maps	the	fluorescence	lifetime	of	fluorophores	based	on	the	decay	
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kinetics	during	the	excited	state.	The	acquisition	of	fluorescence	lifetime	data	using	FLIM	is	rapid	and	enables	the	measurement	of	dynamic	molecules	within	live	cells.	Furthermore,	FLIM	is	also	advantageous	as	the	fluorescence	lifetime	of	a	fluorescent	probe	is	independent	of	the	fluorophore	concentration	rather	is	dependent	on	the	excited	state	reactions	[37].	Developments	in	the	methods	applied	in	the	utilisation	of	FLIM	have	resulted	in	various	adaptations	of	the	technique	to	improve	the	analysis	of	specific	molecules	within	a	diverse	range	of	models.		A	study	conducted	by	Agronskaia	et	al	[10]	applies	the	fast	FLIM	variant	to	quantitatively	measure	calcium	in	contracting	rat	myocytes.	Calcium	sensitive	Oregon	Green	based	fluorescent	dyes	were	employed	to	measure	the	intracellular	calcium	concentration	during	contraction.	Analysis	of	the	FLIM	data	reveals	that	the	use	of	these	calcium	specific	fluorescent	dyes	has	the	capacity	to	characterise	the	spatial	distribution	of	calcium	and	quantify	the	calcium	ion	concentrations	using	high	frame	rates	[10].	Hence,	it	was	concluded	that	the	fast	FLIM	technique	could	be	applied	in	live	cells	that	exhibit	fluctuations	in	calcium,	which	has	proven	to	be	evident	throughout	muscular	contraction	and	during	myoblast	differentiation.		Phasor	approach	is	another	modification	to	the	FLIM	technique	that	has	been	previously	utilised	to	investigate	NADH	distribution	and	localisation	within	live	progenitor	cells	in	the	work	of	Wright	et	al	[47].	Progenitor	myoblast	cells	served	as	a	model	cell	line	to	analyse	NADH	distribution	and	localisation	in	the	nucleus	based	on	their	capability	to	be	induced	into	differentiation.	Given	the	autofluorescent	properties	of	NADH,	a	fluorescent	probe	was	not	utilised.	Employing	the	phasor-FLIM	method,	NADH	in	the	free	and	bound	form	were	separated	and	spatially	mapped	within	the	cells.	Comparisons	drawn	between	the	cells	in	both	the	differentiated	and	undifferentiated	states	elucidated	the	role	of	endogenous	NADH	in	nuclear	compartment	during	the	regulatory	processes	associated	with	stem	cell	development	[47].		
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Phasor-FLIM	was	also	applied	to	investigate	the	ionic	calcium	gradients	and	calcium	localisation	across	the	epidermis	[48].	Skin	samples	were	stained	with	the	fluorescent	dye	Calcium	Green	5N	and	fluorescein.	The	stained	epidermal	samples	were	imaged	using	two-photon	excitation	microscopy.	Fluorescence	lifetime	data	was	then	analysed	to	generate	a	phasor	representation	of	the	acquired	FLIM	measurements.	Phasor	analysis	enabled	the	visualisation	and	quantification	of	calcium	concentrations	amid	the	epidermal	samples	and	provided	resolution	down	to	the	subcellular	level	[48].			It	was	also	communicated	that	new	data	was	discovered	in	relation	to	the	distribution	of	calcium	ion	concentration	in	the	basal	layer,	as	well	as	the	size	of	the	extracellular	space.	Hence,	in	light	of	these	discoveries	alterations	to	current	hypotheses	in	these	areas	were	to	be	reconsidered.	However,	it	remains	significant	that	the	capacity	to	apply	phasor-FLIM	provides	the	ability	to	resolve	and	quantify	molecular	distribution	within	a	model	cell	or	tissue	[48].	
1.3	-	Calcium	Fluorophores		
	There	are	a	number	of	fluorescent	probes	that	bind	specifically	to	calcium	ions	within	live	and	fixed	samples	[49].	Appendix	3	lists	some	of	the	currently	available	calcium	fluorophores.	These	fluorescent	probes	have	a	high	affinity	to	calcium	allowing	the	probe	to	bind	with	both	free	and	bound	calcium.	Although	all	of	the	calcium	specific	fluorophores	have	an	affinity	for	calcium,	they	each	have	specific	excitation	and	emission	spectra	that	must	be	considered	as	well	as	differences	in	their	chemical	form	[50].	Once	a	fluorophore	has	been	loaded	into	the	sample,	the	fluorophore	can	be	excited	and	the	emission	photons	can	be	detected.			Lakowicz	et	al	[51]	describes	the	use	of	FLIM	and	calcium	specific	fluorescent	probes	to	image	calcium	ions	and	measure	calcium	ion	concentration.	The	study	aimed	to	utilise	calcium	fluorophores	that	were	excited	at	longer	wavelengths	between	488	and	620	nm.	Calcium	Orange,	Calcium	Green	and	Calcium	Crimson	were	originally	selected	to	image	calcium	concentration	using	FLIM	[51].	However,	as	each	of	these	fluorophores	were	excited	using	UV	wavelengths	
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issues,	including	the	excitation	of	known	and	unknown	intracellular	auto-fluorescent	species,	remained	unresolved.		A	shift	in	the	fluorescence	lifetime	of	a	fluorophore	in	response	to	calcium	enabled	efficient	imaging	and	emphasised	the	use	of	probes	that	have	excitation	wavelengths	ranging	from	488	to	620	nm	to	minimise	autofluorescence	and	photochemical	damage.	Fura-2	and	Quin-2	proved	as	calcium	fluorescent	indicators	that	change	their	fluorescence	intensity	in	the	presence	of	calcium	[51].	However,	of	the	two	stains,	Fura-2	displayed	advantageous	characteristics	when	compared	against	Quin-2	as	it	exhibited	a	shift	in	its	excitation	wavelength	in	response	to	calcium	[51].	This	allowed	for	the	ratio	of	fluorescence	intensities	at	two	excitation	wavelengths	to	be	recorded	and	used	to	measure	calcium	concentration	independent	of	fluorophore	concentration	[51].	Additionally,	they	were	able	to	demonstrate	that	upon	the	binding	of	these	fluorophores	to	calcium,	the	fluorescence	lifetime	of	each	probe	increased.		Fura	Red	and	Fura	2	fluorophores	are	analogous	calcium	binding	fluorescent	probes	that	have	been	widely	used	amongst	other	fluorophores	to	characterise	calcium	within	cellular	samples.	Fura	Red	and	Fura	2	share	similar	structure	yet	there	are	significant	differences	in	the	absorbance	and	excitation	properties	of	these	indicators	[52].	Fura	Red	has	excitation	and	absorption	spectrum	that	fall	within	the	visible	light	wavelength	while	Fura	2	is	excited	by	light	that	falls	within	the	ultraviolet	wavelength	[52].	The	visible	wavelength	excitation	of	Fura	Red	is	advantageous	when	compared	against	Fura	2	as	ultraviolet	excitation	introduces	unnecessary	excitation	of	known	and	unknown	autofluorescent	species,	such	as	NADH,	within	cellular	samples.	Therefore,	the	validity	of	the	acquired	emission	data	may	be	compromised	by	the	undesired	autofluorescence	[51].		Fura	Red	was	also	utilised	alongside	Fluo-3	in	comparison	with	Indo-1	in	order	to	detect	fluxes	in	calcium	within	T-	lymphocytes	and	T-lymhoblastoid	cell	lines	[53].	Each	of	the	cell	types	were	loaded	with	either	of	the	fluorophore	combinations	and	was	stimulated	with	a	CD3	antibody	or	Thapsigargin	to	induce	
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calcium	fluctuation.	Following	the	stimulation,	each	sample	was	run	through	flow	cytometry.	It	was	found	that	the	combination	of	Fura	Red	and	Fluo-3	produced	equivalent	responses	to	the	data	obtained	using	Indo-1	[53].	Hence,	the	combination	of	Fura	Red	and	Fluo-3	was	considered	a	viable	and	suitable	alternative	to	the	widely	used	Indo-1	indicator	in	instances	where	UV	capabilities	are	unavailable.		Fura	Red	has	been	employed	in	studies	as	a	replacement	to	the	closely	related	Fura-2	fluorophore.	Kurebayashi	et	al	[52]	conveys	the	chemical	likenesses	that	exist	between	Fura	Red	and	Fura-2.	Based	on	the	difference	in	excitation	wavelengths,	the	Fura	Red	fluorophore	was	selected	to	measure	binding	to	muscle	constituents,	as	well	as	calcium	ion	concentration	within	frog	skeletal	muscle	fibres.	Resting	absorbance	measurements	of	Fura	Red	loaded	into	the	muscle	cells	allowed	for	the	estimation	of	the	amount	of	fluorophore	bound	to	calcium	[52].	Moreover,	the	properties	of	Fura	Red	in	the	intracellular	environment	were	characterised	along	with	a	determination	of	the	resting	ion	concentration	of	free	calcium	in	the	skeletal	muscle	fibres.			The	capacity	for	Fura	Red	to	be	loaded	successfully	into	live	cells	has	been	demonstrated	in	several	fluorescence	studies	using	various	fluorescence	imaging	techniques.	This	insinuates	the	potential	for	Fura	Red	to	be	utilised	in	the	analysis	of	calcium	in	new	approaches	to	fluorescence	imaging	methods.			
1.4	-	Spectral	Phasor	Analysis		
	The	Spectral	Phasor	approach	enables	the	analysis	of	the	spectral	scan	data	to	study	the	spectral	profile	of	fluorescent	probes	at	the	pixel	level	[54].	This	method	has	the	capacity	to	examine	shifts	in	the	spectral	properties	of	a	fluorescent	dye	bound	to	the	target	molecule	specific	to	that	probe.	Furthermore,	Spectral	Phasor	analysis	facilitates	the	efficient	and	dependable	unmixing	of	the	individual	pixel	components	encompassed	within	the	spectral	image	data.	Analysed	spectral	data	is	visualised	in	the	form	of	a	scatter	plot	and	spectral	image	without	requiring	extensive	calibration.		
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		Each	pixel	in	the	graphical	interpretation	of	the	data	is	Fourier	transformed	using	the	equation	in	Appendix	4	[55].		The	pixels	are	reduced	to	a	phasor	made	up	of	two	numbers	that	are	representative	of	the	maximum	emission	wavelength	and	spectral	width	of	the	fluorescence	emission	spectra	for	each	pixel	[55].	Each	of	the	numbers	serves	as	coordinates	on	the	scatter	plot	for	the	pixels	to	be	mapped.	Figure	1.3	illustrates	these	characteristic	properties	of	the	spectrum	and	conveys	the	parameters	in	which	the	pixels	are	plotted	on	the	scatter	plot.		Data	points	can	accumulate	on	specific	regions	of	the	scatter	plot	that	form	a	cloud	of	pixels	that	share	similar	fluorescence	emission	spectra.	The	angular	position	of	a	pixel	is	dependant	on	the	maximum	emission	wavelength	and	the	width	of	the	emission	spectrum	dictates	the	radial	proximity	to	the	centre	of	the	phasor	plot	(Fig.	1.3)	[56].				
Figure	1.3:	Spectral	Phasor	Plot	relative	to	the	characteristics	of	a	Fluorescence	
Emission	Spectrum.		The	semicircular	representation	of	the	phasor	plot	illustrates	the	association	of	the	maximum	emission	wavelength	and	the	position	within	the	grid	in	reference	to	a	maximum	wavelength	value.	The	spectral	width	of	the	emission	profile	can	also	be	mapped	on	the	semicircular	grid	based	on	the	width	of	the	emission	spectrum.	Increases	to	the	width	of	the	emission	spectrum	can	be	seen	to	cause	a	shift	towards	the	centre	of	the	plot.	Image	adapted	from	Fereidouni	et	al	[54].					
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	Dissimilar	to	phasor-FLIM,	a	predecessor	of	the	Spectral	Phasor	approach,	data	points	do	not	require	fitting	to	exponentials	rather	each	pixel	denotes	an	experimental	point	[57].	Sections	of	the	phasor	cloud	can	be	selected	by	means	of	cursor	analysis	and	remapped	back	onto	the	spectral	image	to	characterise	and	segment	regions	of	the	image	that	share	spectral	similarities	and	differences.	Hence,	the	analysed	spectral	image	can	illustrate	molecular	interactions	across	a	sample	based	on	changes	in	the	spectral	properties	of	the	fluorophore	that	are	not	detectable	using	FLIM	techniques.					Spectral	Phasor	analysis	has	the	capacity	to	characterise	shifts	in	the	emission	spectra	of	an	environment	sensitive	fluorescent	probe	[57].	The	emission	spectra	of	these	fluorescent	molecules	are	dependent	on	the	molecular	dynamics	of	the	local	environment	including	factors	such	as	fluctuations	in	pH	and	osmolarity.		Fluorescent	probes	that	are	sensitive	to	such	environmental	changes	result	in	shifts	to	the	maximum	wavelength	of	their	emission	spectra	and	alterations	in	the	width	of	their	emission	spectrum	[54].	Variations	in	these	properties	of	the	
Figure	1.4:	Phasor	Plot	Map	in	the	First	and	Second	Harmonic.	The	angular	positioning	of	a	pixel	within	the	plot	moves	anticlockwise	from	the	origin	representative	of	wavelengths	emitting	in	the	blue	spectrum	and	increases	around	the	origin	towards	the	longer	emission	wavelengths	representative	of	the	red	spectrum.	The	radial	distance	from	the	centre	of	the	plot	indicates	the	spectral	width	associated	with	the	plotted	pixels	as	the	spectral	width	decreases	moving	away	from	the	centre.	The	first	harmonic	is	shown	to	move	across	the	first	(Q1),	second	(Q2)	and	third	(Q3)	quadrant	while	the	second	harmonic	also	crosses	the	fourth	quadrant	(Q4).		Adapted	from	Braithwaite	[56].	
Q1	 Q1	Q2	
Q3	 Q4	
Q2	
Q3	 Q4	
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emission	spectra	can	be	detected	and	analysed	using	the	Spectral	Phasor	approach	to	elucidate	molecular	interactions	within	the	cellular	microenvironment	during	various	biochemical	and	physiological	processes.			SimFCS	globals	software	created	at	the	Laboratory	for	Fluorescence	Dynamics	provides	a	tool	for	fluorescence	image	data	analysis	and	characterisation.	This	software	developed	by	Professor	Enrico	Gratton	enables	the	analysis	of	spectral	data	using	the	Spectral	Phasor	approach	[56,58,59].		SimFCS	reduces	each	pixel	of	a	spectral	scan	to	produce	both	the	phasor	representation	of	the	analysed	data	and	a	spectral	image	of	the	original	fluorescence	image.	SimFCS	also	permits	the	further	analysis	of	the	phasor	with	the	use	of	the	cursor,	sector	and	cursor	linkage	features	of	the	software.					Cursor	analysis	of	the	phasor	plot	facilitates	the	characterisation	of	distinct	spectral	differences	within	the	spectral	image.	Cursor	analysis	also	offers	significant	variability	in	the	approach	that	can	be	used	to	analyse	the	phasor.	The	shape,	size	and	positioning	of	the	cursor	can	be	altered	to	ensure	coverage	of	each	segment	of	the	phasor	[56].	Circular	and	square	cursors	can	be	positioned	on	various	sections	of	the	phasor	and	the	size	of	the	cursors	can	be	manipulated	to	ensure	that	the	phasor	is	appropriately	covered.	However,	sector	cursor	analysis	differs	from	the	other	cursor	styles	as	it	covers	an	angular	sector	of	the	phasor	plot	in	which	the	length	and	angular	width	can	be	altered	to	analyse	a	particular	portion	of	the	phasor.			Cursor	linkage	provides	an	alternative	form	of	phasor	analysis	to	elucidate	spectral	differences	and	similarities	across	the	spectral	image	of	the	sample	[56].	Cursors	placed	at	each	end	of	the	phasor	cloud	can	be	linked	with	a	pre-selected	colour	palette.	The	colour	palettes	provide	a	gradient	across	the	two	cursors	that	assist	in	differentiating	regions	of	spectral	differences	within	the	spectral	image.	Each	section	of	the	colour	palette	is	represented	on	the	spectral	image	based	on	the	underlying	pixels	in	the	phasor	cloud.	Hence,	the	spectral	properties	of	each	colour	code	on	the	spectral	image	can	be	derived	from	the	respective	position	of	the	pixels	on	the	phasor	plot.			
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Cutrale	et	al	[55]	applies	Spectral	Phasor	analysis	to	examine	the	dynamic	spectral	properties	of	photo-activatable	fluorescent	proteins	(PA-FPs)	both	in	a	mixture	and	separately.	The	spectral	properties	of	PA-FPs	can	change	upon	excitation	with	a	specific	wavelength,	however	the	spectra	and	number	of	various	states	of	these	fluorescent	proteins	are	not	known	[55].	Therefore,	this	study	aimed	to	analyse	shifts	spectral	properties	of	three	different	PA-FPs;	Kaede,	Kikume	Green-Red	and	Dronpa.	Using	spectral	phasor,	they	were	able	to	distinguish	regions	of	photo-activation	and	detect	the	number	of	states	for	each	of	the	fluorescent	proteins.			When	the	PA-FPs	were	combined	to	form	a	mixture	it	became	clear	that	the	proteins	could	be	recognised	and	the	relative	amount	of	each	PA-FP	in	the	initial	and	final	states,	including	any	intermediate	stages,	were	quantified.	Events	within	the	cellular	environment	can	alter	the	spectral	properties	of	fluorescent	proteins	that	could	also	be	directly	mapped	to	identify	where	such	processes	are	occurring	[55].	They	were	able	to	conclude	that	PA-FPs	could	be	distinguished	based	on	their	distribution	across	the	phasor	plot	in	addition	to	determining	the	initial	and	final	state	of	the	protein	on	the	phasor	plot.	Finally,	it	that	was	revealed	in	the	study	that	Spectral	Phasor	analysis	has	the	capacity	to	represent	numerous	spectral	images	in	a	single	phasor	plot	permitting	simplified	interpretation	that	can	be	analysed	without	specific	expertise	[55].		The	spectral	properties	and	dynamic	nature	of	gold	nanorods	have	also	been	explored	with	the	Spectral	Phasor	method.	This	study	investigates	the	spectra	of	gold	nanorods	at	the	single	particle	level	to	reveal	spectral	variances	across	individual	nanorods	and	provide	spatial	information	[58].	Furthermore,	they	sought	to	further	the	current	understanding	on	the	dynamic	spectral	behaviour	of	nanorods,	which	had	been	stated	previously	as	being	influenced	by	different	excitation	wavelengths	and	excitation	modes.	It	became	clear	during	the	investigation	that	the	Spectral	Phasor	method	offered	astonishing	spectral	resolution	and	sensitivity	to	detect	subtle	shifts	in	emission	spectra	and	allocate	these	shifts	to	specific	regions	of	an	image	[58].	Analysis	revealed	that	a	heating	
	 20	
effect	would	cause	the	gold	nanorods	to	melt	resulting	in	alterations	to	the	rod	morphology	that	influence	the	emission	spectra.			Spectral	Phasor	analysis	has	also	been	utilised	to	investigate	RNA	microenvironments	in	live	cells	labelled	with	RNA	specific	fluorophore	Pyronin	Y	[59].	The	study	aimed	to	determine	whether	subtle	differences	in	the	spectral	properties	of	Pyronin	Y	could	be	analysed	to	distinguish	which	nucleic	acid	subtype	was	bound	to	the	fluorophore	in	the	dynamic	cellular	environment.	Cytoplasmic	and	nuclear	regions	contain	numerous	RNA	subtypes,	which	are	unable	to	be	distinguished	based	on	the	fluorescence	intensity	of	Pyronin	Y	labelled	RNA.	Utilising	the	Spectral	Phasor	method,	they	were	able	to	identify	three	discrete	species	based	on	the	different	maximum	wavelength	and	width	of	Pyronin	Y	bound	to	each	of	the	subsets	and	their	positioning	in	reference	to	structural	components	[59].	It	was	also	observed	that	species	of	RNA	located	in	similar	cellular	structures	shared	similar	tendencies	across	numerous	cells	and	over	a	period	of	days.	Conclusively,	this	study	indicates	that	Spectral	Phasor	analysis	has	the	aptitude	to	differentiate	between	various	fluorophore	bound	substrates	and	provides	an	auspicious	technique	that	can	be	applied	to	further	investigate	molecular	interactions	in	live	cellular	environments	[59].		Additionally,	a	comparison	of	nanorods	exposed	to	different	excitation	wavelengths	demonstrated	that	individual	nanorods	have	unique	spectral	responses	to	variations	in	the	excitation	wavelength	[58].	They	were	able	to	conclude	that	the	spectrum	from	a	single	nanorod	is	not	uniform	therefore	bulk	analysis	techniques	would	not	be	appropriate	to	investigate	gold	nanorod	populations.	Hence,	Spectral	Phasor	analysis	offers	an	effective	tool	to	understand	the	spectral	behaviour	of	nanorods	and	their	interactions	with	various	lasers	and	excitation	wavelengths	at	the	molecular	level	[58].				Spectral	Phasor	analysis	provides	a	rapid	method	for	analysing	live	cellular	environment	interactions	without	the	need	for	excessive	fitting	and	prior	knowledge	of	the	reference	spectra	[55,56,59].	This	technique	exhibits	the	capacity	to	elucidate	the	interaction	of	a	target	molecule	within	the	cellular	
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microenvironment	based	on	spectral	emission	patterns.	This	was	not	distinguishable	using	the	fluorescence	imaging	methods	that	preceded	Spectral	Phasor	analysis.	Therefore,	Spectral	Phasor	analysis	provides	a	significant	opportunity	to	analyse	interactions	with	a	specific	target	molecule	in	live	and	fixed	samples.		
1.5	-	Aims	of	the	Project	
	To	the	best	of	our	knowledge,	Spectral	Phasor	approach	has	not	yet	been	utilised	to	analyse	calcium	since	the	advent	of	the	technique.	Hence,	the	application	of	Spectral	Phasor	analysis	to	characterise	calcium	interactions	in	live	and	fixed	progenitor	muscle	stem	cells	will	provide	an	innovative	perspective	on	cellular	calcium	interactions.	This	study	will	provide	an	insight	into	whether	Spectral	Phasor	analysis	is	an	appropriate	method	to	further	analyse	calcium	interactions	in	physiological	and	biochemical	processes.	Furthermore,	we	will	attempt	to	assess	the	role	of	calcium	using	the	Spectral	Phasor	approach	in	the	undifferentiated	myoblast	state	and	throughout	the	early	stages	of	myoblast	differentiation.			The	major	aims	of	this	project	are:			- To	adapt	the	Spectral	Phasor	technique	to	determine	whether	we	can	detect	changes	to	the	spectral	profile	of	calcium-bound	Fura	Red.			- To	test	the	capacity	for	Spectral	Phasor	analysis	to	resolve	shifts	in	the	emission	spectrum	of	calcium-bound	Fura	Red	in	fixed	and	live	cell	environments.		- To	analyse	calcium	interactions,	resolved	by	spectral	shifts	in	Fura	Red,	within	the	L6	progenitor	myoblast	cells	in	the	undifferentiated	state	as	well	as	throughout	early	differentiation.	- To	characterise	and	analyse	alterations	in	the	spectral	profile	of	Fura	Red	during	the	live	differentiation	of	myoblast	cells	treated	with	W-7	and	EDHB.		
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Chapter	2	–	Cell	Culture	and	Imaging	Methods			
2.1	-	Cell	Culture	Media	Preparation			To	prepare	DMEM	for	L6	progenitor	myoblast	culture,	13.4g	of	DMEM	powder	(Sigma-D5648)	was	dissolved	in	1	litre	of	Milli-Q	water	and	supplemented	with	3.7g	of	sodium	bicarbonate	(Sigma-S5761).	While	in	the	laminar	flow	hood,	a	0.22µm	vacuum	filtration	unit	was	attached	to	a	sterile	1-litre	Schott	bottle.	The	prepared	DMEM	media	was	vacuum	filtered	through	the	filtration	unit	into	the	Schott	bottle.	Following	the	filtration,	sodium	pyruvate	(Sigma-P5280),	non-essential	amino	acids	(Sigma-M7145),	Penicillin-Streptomycin	(Sigma-P4333),	Fungizone	(Sigma	-A2411)	and	β-mercaptoethanol	(Sigma-M3148)	were	added	to	the	incomplete	DMEM.	From	the	stock	incomplete	DMEM,	aliquots	of	45	millilitres	were	dispensed	into	separate	50	millilitre	falcon	conical	centrifuge	tubes.	When	required	for	cell	culture,	foetal	bovine	serum	(FBS)	(Bovogen-SFBS-AU)	was	added	to	an	aliquot	of	incomplete	DMEM	at	either	10%	or	2%	of	the	total	volume.	Incomplete	and	complete	DMEM	aliquots	were	stored	in	a	4°C	fridge	designated	for	cell	culture	purposes	only.		
2.2	-	Cell	Culture	
	L6	progenitor	cells	(ATCC-CRL-1458)	were	obtained	from	the	American	Type	Culture	Collection	(ATCC)	and	stored	in	liquid	nitrogen	until	required	for	cell	culture.	The	cryovial	containing	L6	myoblasts	was	brought	up	from	liquid	nitrogen	storage	and	thawed	in	a	37°C	water	bath	and	resuspended	into	pre-warmed	complete	DMEM	supplemented	with	10%	serum.	Following	re-suspension,	the	cell	suspension	was	transferred	into	a	cell	culture	flask	containing	complete	10%	DMEM.	Vented	cell	culture	flasks	containing	the	L6	myoblast	cells	were	incubated	in	a	humidified	incubator	at	37°C	with	a	continuous	supply	of	5%	CO2	[19].			Once	the	myoblast	culture	reaches	approximately	80%	confluency,	the	cells	were	passaged	aseptically	in	a	laminar	flow	hood.	To	ensure	the	cells	remain	viable,	
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the	complete	10%	DMEM,	phosphate	buffered	saline	(PBS)	(Sigma	-P5493)	and	0.5%	trypsin-EDTA	(Sigma-59427C)	were	all	pre-warmed	in	a	37°C	water	bath.	Under	aseptic	conditions,	the	expended	media	was	aspirated	from	the	cell	culture	flask	and	the	adhered	cells	were	washed	with	PBS,	which	was	also	aspirated	from	the	flask.	A	volume	of	trypsin	that	would	sufficiently	cover	the	surface	area	of	the	adherent	cells	was	added	to	the	culture	flasks	to	detach	the	cells	from	flask.	After	ensuring	the	cells	were	detached	from	the	flask,	an	equal	amount	of	complete	DMEM	was	added	to	the	flask	to	neutralise	the	trypsin.	Prior	to	transferring	an	amount	of	the	cell	culture	into	a	new	flask	with	complete	10%	DMEM,	the	culture	was	homogenised	by	pipetting	the	solution	up	and	down	to	reduce	clumping	of	the	myoblast	cells.		In	preparation	for	imaging,	the	complete	DMEM	containing	10%	FBS	in	the	flask	was	replaced	with	complete	DMEM	containing	2%	FBS	for	24	hours	to	ensure	each	of	the	cells	were	in	the	same	cell	cycle	phase.	Following	the	24	hour	period,	the	DMEM	containing	2%	FBS	was	aspirated	from	the	flask	and	replaced	once	again	with	DMEM	containing	10%	FBS.	During	the	following	cell	passage,	the	cells	were	plated	onto	35mm	FluoroDish™	glass	bottom	tissue	culture	dishes	(World	Precision	Instruments	–	FD35-100)	supplemented	with	2	mL	of	complete	DMEM	containing	10%	FBS.	After	approximately	24	hours	to	ensure	the	cells	had	adhered	to	the	FluoroDish™,	the	cells	were	ready	for	treatment	or	analysis.		
2.3	–	Calcium	Treatment		
2.3.1	–	EDHB		Ethyl-3,4-dihydroxybenzoate	(EDHB)	(Aldrich-	E24859)	was	prepared	into	a	stock	solution	of	200	mM	in	dimethyl	sulfoxide	(DMSO)(Sigma-D8418).	An	amount	of	the	200	mM	EDHB	stock	solution	was	added	to	produce	a	final	concentration	of	approximately	20	mM	EDHB	in	solution.	This	was	added	directly	into	a	FluoroDish™	containing	L6	progenitor	myoblast	cells	and	1	mL	of	DMEM.	The	progenitor	myoblast	cells	were	incubated	in	the	presence	of	EDHB	for	24	hours.		
2.3.2	–	W-7		
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N-(6-Aminohexyl)-5-chloro-1-naphthalenesulfonamide	hydrochloride	(W-7)	(Sigma-A3281)	was	prepared	into	a	stock	solution	of	25	mg/mL	in	methanol.	An	amount	of	the	25	mg/mL	W-7	stock	solution	was	added	to	give	a	final	concentration	of	approximately	0.133	mM	of	W-7	in	solution.	This	was	introduced	directly	into	a	FluoroDish™	containing	L6	progenitor	myoblast	cells	and	1	mL	of	DMEM.	The	cells	were	incubated	in	the	presence	of	W-7	for	24	hours.		
2.4	-	Cell	Fixation			Subsequently	after	plating	and	treatment	procedures,	some	progenitor	myoblast	cells	were	fixed	to	the	glass	surface	of	the	FluoroDish™	according	to	the	Image-iT®	Fixation/Permeabilization	Kit	(ThermoFisher	Scientific)	procedure.			The	following	solutions	were	prepared	aseptically	prior	to	fixation:		
- PBS	
- 4%	Formalin	solution	in	PBS	from	Formaldehyde	stock	(Sigma-252549)	
- 0.5%	Triton	solution	in	PBS	from	Triton	X-100	(Fisons	Laboratory	Reagents-34199193)	
- 3%	Bovine	Serum	Albumin	(BSA)	solution	in	PBS	from	powdered	BSA	stock	(Sigma-05470)		The	fixation	protocol	was	conducted	in	a	laminar	flow	hood	to	ensure	an	aseptic	environment	to	minimise	contamination.	Initially,	the	cell	media	was	removed	from	the	FluoroDish™	and	replaced	with	1mL	of	the	4%	Formalin	solution.	The	fixative	solution	was	permitted	to	incubate	for	15	minutes	at	20-25°C.	Following	the	incubation	period,	the	fixative	solution	was	aspirated	and	the	FluoroDish™	was	washed	3	times	using	2	mL	of	PBS	in	each	wash	step.	Once	the	cells	had	been	thoroughly	washed,	1	mL	of	the	0.5%	Triton	solution	was	added	to	the	dish	for	permeabilization	and	incubated	for	15	minutes	at	20-25°C.	The	0.5%	Triton	was	aspirated	from	the	dish	and	the	PBS	wash	was	repeated.	Following	the	PBS	wash,	2	mL	of	the	3%	BSA	solution	was	added	to	the	FluoroDish™	as	a	blocking	solution	and	was	incubated	for	60	minutes	at	20-25°C.	At	the	conclusion	of	the	
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incubation,	the	BSA	solution	was	removed	and	replaced	with	2	mL	of	PBS	in	preparation	for	the	desired	cell	staining.	
2.5	-	Fluorophore	Loading			Fura	Red™	(ThermoFisher	Scientific-F3021)	was	ordered	in	powder	form	and	was	contained	within	10	separate	50	µg	aliquots.	The	powdered	Fura	Red™	was	stored	in	a	labelled	lockbox	at	-20°C	and	protected	from	light.	When	Fura	Red™	was	required	for	data	acquisition,	an	aliquot	of	Fura	Red	was	reconstituted	in	100	µL	of	DMSO	and	the	aliquot	was	wrapped	in	aluminium	foil	to	protect	the	reconstituted	Fura	Red™	from	light.	Based	on	the	cell	permeant	properties	of	Fura	Red™,	it	was	loaded	directly	onto	a	FluoroDish™	containing	either	live	cell	cultures	in	1	mL	of	DMEM	or	fixed	myoblast	cells	in	1mL	of	PBS	before	imaging	giving	a	final	concentration	of	approximately	0.46	µM	Fura	Red™	in	solution.	Following	the	addition	of	Fura	Red™,	a	loading	time	of	approximately	30	minutes	was	observed	to	ensure	the	fluorophore	had	sufficient	time	to	be	taken	up	by	the	cells	in	solution.		
2.6	-	Data	Acquisition				Prepared	FluoroDish™	samples	were	imaged	on	an	Inverted	Leica	TCS-SP5	laser	scanning	confocal	microscope	with	variable	spectral	detection.	This	system	has	micro-spectral	detection	capability,	a	fully	tuneable	Multi-Photon	imaging	system,	and	Becker	&	Hickl	Fluorescence	Lifetime	Imaging	and	fluorescence	correlation	spectroscopy	systems.	Furthermore,	the	microscope	is	also	equipped	with	405,	458,	476,	488,	496,	514,	561,	594	and	633nm	lasers.				Cells	were	imaged	using	the	63x	water	objective	with	a	pixel	resolution	of	256	x	256	and	12	bit	resolution.	In	order	to	produce	pseudo-bright	field	and	fluorescence	images	of	the	cell	samples,	the	xyz	scan	setting	was	used	with	a	scan	speed	of	10	Hz	to	optimise	image	clarity.	For	pseudo-bright	field	imaging,	the	633	nm	laser	was	utilised	to	provide	an	equivalent	bright	field	image	of	the	cell	to	identify	the	morphological	features	of	the	sample.	For	fluorescence	imaging	of	calcium	molecules,	the	488	nm	argon	laser	was	used	to	excite	the	
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Fura	Red™	fluorophore	and	emission	fluorescence	was	detected	between	488	nm	and	633	nm	using	a	photomultiplier	tube.		A	confocal	overlay	of	the	fluorescence	image	and	pseudo-bright	field	was	produced	digitally	using	the	LAS-AF	X	software	to	visualise	calcium	localisation	across	the	morphological	features	of	the	cell.			For	spectral	scans,	the	xyλ	scan	setting	was	utilised	and	scan	speed	was	increased	to	100	Hz.	Pixel	resolution,	the	objective	and	bit	resolution	remained	the	same	as	the	xyz	scan.	During	the	spectral	scan,	only	the	488	nm	argon	laser	is	required	to	excite	the	Fura	Red™	molecules.	Spectral	data	is	collected	in	9.7	nm	detection	steps	over	32	sections	within	an	emission	bandwidth	of	415	nm	to	720	nm	using	a	photomultiplier	tube.		
2.7	-	Spectral	Phasor	Analysis		
	Spectral	data	files	generated	from	the	lambda	scan	were	referenced	(Appendix	5)	using	the	SimFCS	globals	software	developed	by	Professor	Enrico	Gratton	in	the	Laboratory	of	Fluorescence	Dynamics	at	University	California,	Irvine.	Referenced	spectral	files	were	read	and	added	(Appendix	6)	into	the	SimFCS	software	to	produce	a	phasor	plot	and	spectral	image	that	is	representative	of	the	sample.	Each	pixel	in	the	formed	phasor	plot	is	representative	of	a	specific	maximum	spectral	wavelength	and	spectral	width	that	is	unique	to	the	single	pixel.	These	pixels	plotted	on	the	phasor	plot	were	mapped	back	to	the	spectral	image.			Background	fluorescence	was	removed	manually	within	the	SimFCS	software	using	the	hand	draw	function	(Appendix	7).	The	hand	draw	function	of	SimFCS	was	utilised	to	select	a	defined	region	of	pixels	in	the	spectral	image	that	are	solely	expressive	of	the	cell	being	analysed.	Pixels	outside	the	selected	region	were	removed	from	the	phasor	plot	and	spectral	image	to	remove	background.	Coloured-coded	cursor	analysis	was	applied	to	a	region	of	the	refined	phasor	plot	in	which	the	corresponding	pixels	are	highlighted	in	the	spectral	image.	Cursor	parameters	including	size,	shape	(circular,	square	or	angular	sector)	and	position	were	manipulated	to	generate	a	spectral	image	that	can	distinguish	
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sections	of	spectral	differences	(Appendix	8).	These	parameters	were	noted	and	presented	to	identify	the	spectral	properties	of	the	pixels	contained	within	the	boundaries	of	each	cursor.			Cursor	linkage	analysis	was	also	applied	to	the	phasor	plot	to	further	identify	spectral	differences	that	could	not	be	distinguished	using	cursor	analysis.	A	cursor	was	placed	at	either	end	of	the	phasor	and	the	coordinates	of	each	cursor	were	recorded.	Using	the	link	feature	of	SimFCS,	the	two	cursors	were	linked	with	a	pre-selected	colour	palette	to	cover	the	pixels	of	the	phasor	(Appendix	8).	Additionally,	a	linkage	map	was	produced	to	indicate	the	area	of	the	phasor	covered	by	each	segment	of	the	colour	palette	linking	the	two	cursors.	Based	on	the	selected	colour	palette,	each	region	of	the	phasor	that	was	covered	by	a	particular	colour	in	the	linkage	map	was	assigned	to	the	corresponding	pixels	in	the	spectral	image	to	convey	discrete	spectral	differences	across	the	analysed	sample.			 	
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Chapter	3	–	Spectral	Phasor	Analysis	of	Live	and	Fixed	Undifferentiated	
L6	Progenitor	Myoblast	Cells		
3.1	–	Introduction			The	L6	progenitor	myoblast	cell	line	is	routinely	cultured	in	the	undifferentiated	form	within	DMEM	containing	10%	serum	to	permit	cell	proliferation	and	inhibit	myoblast	differentiation,	induced	by	serum	starvation	[18,20].	The	behaviour	of	calcium	in	the	undifferentiated	state	has	not	been	characterised	using	the	Spectral	Phasor	approach.	Hence,	applying	Spectral	Phasor	analysis	we	can	determine	the	capacity	for	Fura	Red	to	characterises	alterations	in	its	spectral	profile	within	fixed	and	live	undifferentiated	myoblasts.	Additionally,	the	contribution	of	extracellular	calcium	in	cell	culture	media	was	analysed	to	elucidate	the	influence	of	extracellular	calcium	on	the	application	of	Spectral	Phasor	analysis	to	calcium	within	myoblast	cells.				
3.2	-	Method		
3.2.1	–Analysis	of	Calcium	in	Cell	Culture	Media			1	mL	of	DMEM	containing	10%	serum	was	added	to	a	FluoroDish™.	This	was	repeated	for	DMEM	containing	2%	FBS.	Each	FluoroDish™	was	loaded	with	Fura	Red™	as	directed	in	Chapter	2.5	prior	to	imaging	and	spectral	analysis.	
3.2.2	–	Fixed	Cell	Preparation			Cells	were	cultured	following	the	methods	defined	in	Chapter	2.2.	Once	cultured	cells	were	plated,	fixation	was	conducted	using	the	procedure	described	in	Chapter	2.4.	Fura	Red™	was	loaded	into	the	cells	as	per	the	loading	protocol	explained	in	Chapter	2.5.	
3.2.3	–	Live	Cell	Preparation			Live	cell	samples	were	prepared	as	stipulated	in	Chapter	2.2.	Fura	Red™	was	loaded	into	the	cells	as	described	in	Chapter	2.5.		
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3.2.4	–	Data	Acquisition	and	Analysis		The	protocol	for	imaging	and	spectral	data	acquisition	described	in	Chapter	2.6	was	utilised	to	obtain	confocal	images	and	acquire	spectral	data.	Spectral	Phasor	analysis	was	conducted	as	specified	in	the	procedures	outlined	in	Chapter	2.7.				
3.3	Results		
3.3.1	–	Determination	of	the	Contribution	to	Spectral	Background	by	Calcium	in	
Cell	Culture	Media		Analysis	of	DMEM	containing	10%	FBS	and	2%	FBS	revealed	the	background	influence	of	media	during	live	cell	spectral	analysis	of	calcium.	Figure	3.1.i	illustrates	the	spectral	properties	of	calcium	bound	Fura	Red	in	DMEM	containing	10%	serum.	A	phasor	(Fig.	3.1.i.A)	was	generated,	using	the	spectral		
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Figure	3.1:	Spectral	Phasor	Analysis	of	Calcium	within	the	DMEM	Environment.	Spectral	phasor	analysis	of	DMEM	media,	containing	10%	and	2%	FBS,	reveals	the	contribution	of	the	media	to	spectral	background	in	live	cell	imaging.	(i.A)	Phasor	plot	for	DMEM	containing	10%	FBS.	(i.B)	Cursor	spectral	image	for	the	10%	DMEM	environment.	(i.C)	Cursor	analysis	of	the	phasor	plot	for	10%	DMEM.	(i.D)	Linkage	spectral	image	of	the	10%	DMEM	environment.	(i.E)	Cursor	linkage	analysis	of	the	phasor	plot	for	10%	DMEM.	(ii.A)	Phasor	plot	for	DMEM	containing	2%	FBS.	(ii.B)	Cursor	spectral	image	for	the	2%	DMEM	environment.	(ii.C)	Cursor	analysis	of	the	phasor	plot	for	2%	DMEM.	(ii.D)	Linkage	spectral	image	of	the	2%	DMEM	environment.	(ii.E)	Cursor	linkage	analysis	of	the	phasor	plot	for	2%	DMEM.	
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	analysis,	that	was	small	in	size	and	was	located	close	to	the	centre	of	phasor	plot.	Cursor	analysis	of	the	phasor	(Fig.	3.1.i.B	&	3.1.i.C)	revealed	a	distinction	between	the	average	wavelengths	of	the	pixels	representative	of	the	red	(λ	=	517.5	nm)	and	green	(λ	=	494.8	nm)	cursors.	Cursor	linkage	(Fig.	3.1.i.D	&	3.1.i.E)	identified	several	populations	of	spectral	difference	between	the	494.8	nm	–	517.5	nm	wavelength	range.			Fig.	3.1.ii.A	showed	the	phasor	was	small	and	located	close	to	the	centre	of	the	scatter	plot	in	the	analysis	of	DMEM	containing	2%	serum.	Cursor	analysis	(Fig.	3.1.ii.B	&	3.1.ii.C)	illustrated	variation	between	the	spectral	properties	related	to	the	red	(λ	=	485.6	nm)	and	green	(λ	=	467.8	nm)	cursors.	Cursor	linkage	exposed	the	variety	in	the	average	maximum	wavelength	within	a	465.6	nm	–	485.3	nm	range	(Fig.	3.1.ii.D	&	3.1.ii.E).		
	
3.3.2	–	Spectral	Analysis	of	a	Fixed	Undifferentiated	Myoblast		Spectral	Phasor	analysis	of	an	undifferentiated	progenitor	myoblast	cell	that	had	undergone	fixation	illustrates	shifts	in	the	in	the	spectral	properties	of	Fura	Red	associated	with	intracellular	calcium.	The	impacts	of	the	fixation	process	could	
Cursor	
Colour	 10	%	DMEM	Environment	 2%	DMEM	Environment	Cursor	Analysis	(Cursor	Radius	=	0.02)	 Linkage	Analysis	(Cursor	Radius	=	0.02)	 Cursor	Analysis	(Cursor	Radius	=	0.02)	 Linkage	Analysis	(Cursor	Radius	=	0.02)	Wavelength	(nm)	 Width	(nm)	 Wavelength	(nm)	 Width	(nm)	 Wavelength	(nm)	 Width	(nm)	 Wavelength	(nm)	 Width	(nm)	
Red		 517.5	 312.0	 517.5	 312.0	 485.6	 312.0	 465.6	 312.0	
Green	 494.8	 312.0	 494.8	 312.0	 467.8	 312.0	 485.3	 312.0	
Table	3.1:	Spectral	Data	for	DMEM	containing	10%	serum	and	2%	serum.	Wavelength	and	width	coordinates	of	cursors	and	sectors	for	Figure	3.1.	
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also	be	assessed	through	the	comparison	of	confocal	imaging	and	spectral	analysis.			Figure	3.2	identifies	the	change	in	the	spectral	properties	of	Fura	Red	within	a	fixed	undifferentiated	progenitor	myoblast.	The	confocal	overlay	(Fig.	3.2A)	of	the	pseudo-bright	field	image	and	fluorescence	intensity	image	relates	the	localisation	of	calcium	to	structures	within	the	cell.	Artefacts	attributed	to	the	fixation	process	are	evident	within	the	confocal	overlay	and	have	also	been	stained	by	Fura	Red.					Spectral	analysis	reveals	that	there	is	a	shift	of	the	phasor	away	from	the	centre	of	the	scatter	plot	with	the	distribution	of	pixels	spread	between	the	first	and	
Figure	3.2:	Spectral	Phasor	Analysis	of	a	fixed	undifferentiated	progenitor	myoblast.		(A)	Confocal	overlay	of	fluorescence	and	pseudo-bright	field	indicating	the	nuclear	(Nu),	nucleolar	(Nuo)	and	cytosolic	(Cyt)	regions.	(B)	Full	phasor	plot.	(C)	Spectral	image	resulting	from	cursor	analysis.	(D)	Zoomed	phasor	plot	illustrating	cursor	positioning.	(E)	Spectral	image	resulting	from	sector	analysis.	(F)	Zoomed	phasor	plot	indicating	sector	positioning.	(G)	Spectral	image	resulting	from	linkage	analysis.	(H)	Linkage	map	illustrating	the	colour	spectrum	between	both	cursors.					
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second	quadrant	(Fig.	3.2B).	Cursor	analysis	of	the	phasor	(Fig.	3.2D)	generated	a	spectral	image	(Fig.	3.2C)	that	separated	populations	of	pixels	representative	of	the	cell	sample	that	exhibited	unique	spectral	properties.	Pixels	labelled	by	the	green	cursor	and	red	cursor	were	evident	throughout	the	cytoplasmic,	nuclear	and	membranous	regions	of	the	cell.		The	red	(width=	312.0	nm)	and	green	(width	=	139.6	nm)	cursors	share	almost	identical	spectral	wavelengths	but	can	be	isolated	based	on	a	disparity	in	spectral	widths	evident	between	the	two	groups	of	pixels.	Pink-	(λ	=	521.1	nm)	and	aqua-labelled	(λ	=	502.4	nm)	pixels,	dispersed	amongst	the	cytoslic	and	nuclear	compartments,	respresent	population	that	share	an	increase	in	the	maximum	emission	wavelength.			Examination	of	the	phasor	using	angular	sectors	(Fig.	3.2F)	reveals	similar	associations	to	cursor	analysis.	Interpretation	of	the	spectral	image	generated	(Fig.	3.2E)	identifies	the	correlation	between	the	maximum	wavelength	of	Fura	Red	and	cellular	compartments.	Spectral	width	is	similar	across	the	sectors	yet	there	are	a	range	of	wavelengths	from	480.4	–	516.9	nm.	The	cytoplasmic	and	nuclear	region	of	the	fixed	cell	is	predominantly	labelled	by	the	green	sector	(λ	=	492.4	nm)	while	the	pixels	representing	the	membranous	section	and	portions	of	the	nucleus	are	linked	with	the	red	sector	(λ	=	480.4	nm).	Pixels	exhibiting	longer	wavelengths	are	also	identified	by	the	pink	(λ	=	504.6	nm)	and	aqua	(λ	=	516.9	nm)	sectors.	
Cursor	Colour	 Cursor	Analysis	(Cursor	Radius	=	0.05)	 Sector	Analysis	(Angle	=	7,	Length	=	12.5)	 Linkage	Analysis	(Cursor	Radius	=	0.05)	Wavelength	(nm)	 Width	(nm)	 Wavelength	(nm)	 Width	(nm)	 Wavelength	(nm)	 Width	(nm)	
Red		 485.6	 312.0	 480.4	 171.7	 484.9	 98.3	
Green	 485.5	 139.6	 492.4	 168.6	 483.7	 312.0	
Pink		 521.1	 169.8	 504.6	 171.0	 -	 -	
Aqua	 502.4	 185.6	 516.9	 172.0	 -	 -	
Table	3.2:	Spectral	Data	for	the	fixed	undifferentiated	progenitor	myoblast.	Wavelength	and	width	coordinates	of	cursors	and	sectors	for	Figure	3.2.		
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Cursor	linkage	applied	to	the	fixed	undifferentiated	myoblast	(Fig.	3.2H)	did	not	cover	the	pixels	in	the	phasor	that	exhibited	longer	emission	wavelengths,	hence	there	is	lack	of	colour	assignment.	Linkage	between	the	red	(λ	=	484.9	nm,	width=	98.3	nm)	and	green	(λ	=	483.7	nm,	width=	312.0	nm)	cursors	produced	a	spectral	image	(Fig.	3.2G)	that	separated	pixels	with	slight	differences	in	their	spectral	profile.	Based	on	the	narrow	wavelength	range,	these	differences	are	attributed	to	differences	in	the	spectral	width.	There	is	no	distinct	organisation	apparent	in	the	linkage	spectral	image	in	relation	to	localisation	of	pixels	with	similar	properties	to	specific	cellular	compartments.	
	3.3.3	–	Spectral	Analysis	of	a	Live	Undifferentiated	Myoblast		Spectral	Phasor	analysis	of	a	live	undifferentiated	L6	myoblast	conveys	distinct	spectral	differences	within	the	cellular	microenvironments	present	throughout	the	cell.	Figure	3.3A,	a	confocal	overlay	of	the	live	myoblast,	demonstrates	presence	of	calcium	based	on	Fura	Red	fluorescence	intensity.	A	shift	of	the	phasor	into	the	first	quadrant	is	evident	in	the	phasor	plot	(Fig.	3.3B).			Applying	cursor	analysis	to	the	phasor	(Fig.	3.3D),	it	can	be	seen	that	there	are	clear	distinctions	between	the	spectral	properties	unique	to	each	region	of	the	cell.	The	cytoplasmic	compartments	of	the	cell	exhibits	the	spectral	properties	associated	with	the	red	cursor	(λ	=	449.2	nm)	while	the	nuclear	region	is	mainly	characterised	by	the	pink	cursor	(λ	=	445.7	nm).	The	slight	difference	in	the	wavelength	is	further	distinguished	when	the	spectral	widths	of	the	red	(312.0	nm)	and	pink	(202.6	nm)	cursors	are	compared.	The	green	cursor	(λ	=	476.1	nm)	is	evident	within	the	nucleolar	region	of	the	cell	and	share	the	same	spectral	width	as	the	red	and	aqua	cursors.	The	pixels	that	represent	the	cell	membrane	are	linked	with	the	aqua	cursor	(λ	=	450.7	nm).		The	application	of	sector	analysis	further	elucidates	the	distinction	between	groups	of	pixels	with	unique	shifts	in	the	emission	wavelength	of	Fura	Red.	The	result	of	sector	analysis	on	the	phasor	(Fig.	3.3F)	yields	a	separation	of	these	pixels	using	three	angular	sectors	that	share	similar	spectral	widths.	In	Figure	3.3E,	the	aqua	labelled	pixels	(λ	=	431.7	nm)	are	evident	amongst	the	membrane	
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and	cytoplasm.	The	red	pixels	(λ	=	449.4	nm)	were	distributed	across	the	nuclear	and	cytoplasmic	region	of	the	cell.	The	green	sector	had	the	greatest	emission	wavelength	(λ	=	467.0	nm)	and	was	largely	mapped	within	the	nucleolus	but	was	still	evident	within	the	nucleus	and	cytoplasm	also.				Linkage	analysis	(Fig.	3.3H)	further	resolved	pixels	that	displayed	spectral	profile	differences	in	the	live	progenitor	myoblast	cell.	Linkage	between	the	red	cursor	(λ	=	447.4	nm,	width=	168.0	nm)	and	green	cursor	(λ	=	465.4	nm,	width=	312.0	nm)	exposed	several	distinct	groups	that	were	spectrally	distinguishable.	The	linkage	spectral	image	(Fig	3.3G)	illustrates	that	the	membranous	and	nucleolar	region	of	the	cell	share	spectral	similarity.	There	also	appears	to	be	
Figure	3.3	Spectral	Phasor	Analysis	of	a	live	undifferentiated	progenitor	myoblast.		(A)	Confocal	overlay	of	fluorescence	and	pseudo-bright	field	indicating	the	nuclear	(Nu),	nucleolar	(Nuo)	and	cytosolic	(Cyt)	regions.	(B)	Full	phasor	plot.	(C)	Spectral	image	resulting	from	cursor	analysis.	(D)	Zoomed	phasor	plot	illustrating	cursor	positioning.	(E)	Spectral	image	resulting	from	sector	analysis.	(F)	Zoomed	phasor	plot	indicating	sector	positioning.	(G)	Spectral	image	resulting	from	linkage	analysis.	(H)	Linkage	map	illustrating	the	colour	spectrum	between	both	cursors.					
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several	distinct	groups	of	pixels	surrounding	the	nuclear	membrane.	Furthermore,	there	are	similarities	that	can	be	drawn	between	the	nucleus	and	cytoplasm.			
	
	3.4	Discussion	
3.4.1	–	Analysis	of	Calcium	within	Cell	Culture	Media		Spectral	analysis	of	the	calcium	environments	revealed	that	Fura	Red	does	bind	to	calcium	present	in	cell	culture	media.		Cursor	analysis	appears	to	show	differences	between	the	red	and	green	pixel	populations,	which	may	be	indicative	of	changes	in	the	maximum	emission	wavelength	rather	than	the	width	of	the	spectrum.	This	is	confirmed	by	the	data	presented	in	Table	3.1.		Based	on	the	ubiquitous	nature	of	calcium	disclosed	in	numerous	reports	[1,8],	it	was	assumed	that	calcium	present	in	the	DMEM	would	cause	undesirable	background	in	the	generation	of	the	phasor	via	Spectral	Phasor	analysis.	The	phasor	plot	images	convey	the	close	proximity	of	the	phasor	to	the	centre	of	the	plot	and	only	cover	a	small	portion	of	the	phasor	plot.	In	reference	to	the	distinction	of	DMEM	background	in	Andrews	et	al	[59],	we	can	assume	that	the	DMEM	background	can	be	distinguished	from	the	phasor	representative	of	intracellular	calcium.		
Cursor	Colour	 Cursor	Analysis	(Cursor	Radius	=	0.04)	 Sector	Analysis	(Angle	=	10,	Length	=	15)	 Linkage	Analysis	(Cursor	Radius	=	0.04)	Wavelength	(nm)	 Width	(nm)	 Wavelength	(nm)	 Width	(nm)	 Wavelength	(nm)	 Width	(nm)	
Red		 449.2	 312.0	 449.4	 109.5	 447.4	 168.0	
Green	 476.1	 312.0	 467.0	 111.6	 465.4	 312.0	
Pink		 445.7	 202.6	 ─	 ─	 ─	 ─	
Aqua	 450.7	 312.0	 431.7	 109.1	 ─	 ─	
Table	3.3:		Spectral	Data	for	the	live	undifferentiated	progenitor	myoblast.	Wavelength	and	width	coordinates	of	cursors	and	sectors	for	Figure	3.3.		
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3.4.2	–	Comparative	Analysis	of	Live	and	Fixed	Undifferentiated	Progenitor	Cells		Confocal	overlay	images	of	the	fixed	and	live	undifferentiated	progenitor	myoblast	demonstrates	the	uptake	of	Fura	Red	into	the	cells	and	labelling	of	intracellular	calcium.	This	was	to	be	expected	based	on	the	reported	cell	permeant	properties	of	the	Fura	fluorescent	probe	family	[52,60].	The	distribution	of	calcium	ions	across	the	cellular	structures	is	evident	and	fluorescence	intensity	for	the	live	cell	indicates	calcium	is	localised	in	and	around	the	nuclear	compartment.	This	is	evident	in	Figures	3.2A	and	3.3A.	Artefacts	of	the	fixation	process	were	obvious	throughout	the	cytoplasm	of	the	fixed	cell	(Fig.	3.2)	and	exhibited	uptake	of	calcium	bound	Fura	Red.	These	artefacts	may	possibly	be	due	to	the	damage	to	the	cytoplasm	during	the	permeabilization	step	of	fixation	[61].			Removal	of	spectral	background	has	been	previously	displayed	in	various	studies	employing	Spectral	Phasor	analysis	through	the	SimFCS	globals	software	[55,58].	The	hand	draw	function	of	SimFCS	permitted	the	removal	of	the	majority	of	pixels	that	were	not	representative	of	the	cell	without	the	loss	of	pixels	that	were	associated	with	regions	of	the	cell.	However,	as	this	is	a	manual	drawing	function,	some	of	the	background	was	not	removed.	The	isolation	of	the	spectral	data	related	to	the	cell	from	background	has	been	an	minor	issue	in	previous	Spectral	Phasor	analysis	studies	as	the	histogram	removal	of	background	pixels	in	SimFCS	also	removed	some	of	the	pixels	that	were	representative	of	the	cell	[56,59].			Spectral	Phasor	analysis	of	live	and	fixed	progenitor	myoblast	cells	in	the	undifferentiated	state	revealed	a	significant	difference	in	the	location	of	phasor	in	the	fixed	and	live	cells.		Alterations	to	the	emission	spectrum	of	Fura	Red	were	evident	as	the	phasor	moved	away	from	the	centre	of	the	scatter	plot	in	both	the	fixed	and	live	cells,	as	presented	in	Figures	3.2B	&	Fig.	3.3B.	The	distribution	of	the	pixels	within	the	phasor	plot	differed	between	the	fixed	and	live	undifferentiated	myoblast.	The	phasor	generated	from	the	fixed	myoblast	was	
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spread	across	the	first	and	second	quadrants	of	the	plot	while	the	live	cell	phasor	was	only	located	in	the	first	quadrant.			This	disparity	appears	to	be	attributed	to	the	cellular	damage	during	the	fixation	process	[61]	as	both	cells	were	in	the	undifferentiated	state	hence	each	cell	would	be	expected	to	be	involved	in	similar	cellular	processes.	Nonetheless,	the	fixed	analysis	is	limited	to	a	point	in	time	therefore	only	calcium	interactions	at	the	point	of	fixation	would	have	been	captured.	This	may	play	a	role	in	the	difference	that	is	exhibited	between	the	phasor	location	of	the	fixed	and	live	cell	based	on	the	dynamic	nature	of	calcium	ions	[1]	and	numerous	calcium	signalling	pathways	[3,4]	in	live	cells.		Although	the	spectral	properties	of	Fura	Red	differed	in	relation	to	the	positioning	of	the	phasor	on	the	plot,	both	the	fixed	and	live	undifferentiated	progenitor	myoblast	cells	were	able	to	demonstrate	shifts	in	the	emission	spectrum	of	calcium-bound	Fura	Red.	Variances	to	the	known	spectral	profile	of	Fura	Red	bound	to	calcium	are	indicative	of	the	conditions	of	cellular	microenvironments,	fluorophore	binding	and	the	behaviour	of	calcium.	This	finding	supports	studies	that	have	applied	the	Spectral	Phasor	approach	to	various	target	molecules	[54,59,62].	Spectral	images	generated	from	the	analysis	of	live	and	fixed	cells	identified	pixels	that	shared	similar	spectral	shifts	as	well	as	distinguished	between	pixels	that	exhibited	different	emission	spectrum	characteristics.			Cursor	spectral	images	in	the	fixed	and	live	cells	identified	several	populations	of	pixels	that	were	spectrally	distinct.	The	spectral	image	generated	from	the	fixed	myoblast	did	exhibit	spectral	differences	however	they	were	not	clearly	localised	to	nuclear,	cytoplasmic	or	nucleolar	regions.	Despite	the	lack	of	assignment	of	spectral	properties	to	discrete	cellular	compartments	in	the	fixed	cell,	cursor	spectral	images	did	segregate	pixels	that	were	representative	of	the	cell	based	on	shifts	in	the	emission	spectrum	of	Fura	Red.	Cellular	structures	could	be	inferred	comparing	the	confocal	overlay	and	the	cursor	spectral	image.	Live	cell	analysis	showed	a	distinction	in	spectral	wavelength	and	width	of	the	nucleolar,	nuclear,	
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cytoplasmic	and	membranous	segments	of	the	cell.	Each	section	of	the	cell	appeared	to	encompass	spectral	properties	that	were	unique	to	that	specific	cellular	feature.	These	findings	support	the	conclusion	of	Williams	et	al	[63]	that	intracellular	calcium	is	influenced	by	a	variety	of	factors	enclosed	within	each	cellular	compartment.			The	sector	spectral	image	for	the	fixed	progenitor	myoblast	cell	reveals	spectral	associations	with	specific	cellular	features	that	were	not	evident	using	cursor	analysis	of	the	phasor.	A	population	of	green	pixels	can	be	observed	in	the	nuclear	and	cytoplasmic	region	of	the	cell	indicative	of	similar	influences	on	calcium.	This	association	was	also	displayed	by	the	red	pixels	in	the	sector	spectral	image	representative	of	the	live	myoblast	cell.	This	infers	that	the	spectral	shifts	between	the	cellular	compartments	are	caused	by	changes	to	the	spectral	profile	of	Fura	Red.			The	application	of	cursor	linkage	to	the	fixed	cell	was	unable	to	infer	similarities	between	cellular	compartments	however	it	was	able	to	demonstrate	that,	across	the	fixed	cell,	there	was	variation	in	the	manner	that	the	spectral	profile	of	Fura	Red	was	shifted.	Cursor	linkage	in	the	live	undifferentiated	myoblast	elucidated	an	association	between	certain	regions	of	the	myoblast	illustrated	by	pixels	assigned	with	the	same	colour.	Red	and	orange	pixels	are	evident	in	the	nucleolus	and	cell	membrane,	illustrating	a	close	spectral	relationship	indicative	of	similar	environmental	condition	and	behaviour	in	these	regions	of	the	cell.			Within	and	around	the	nuclear	compartment,	there	appears	to	be	a	range	of	interactions	occurring	distinguished	by	the	variation	in	colour	assignment	to	the	pixels.	There	appears	to	be	a	‘radiation	effect’	that	extends	out	from	nucleus	into	the	cytoplasm	that	may	be	indicative	of	nuclear	calcium	signalling.	This	finding	aligns	with	the	signalling	role	of	calcium	in	and	around	the	nucleus	that	is	explained	in	Bootman	et	al	[7].	These	research	efforts	also	supports	the	notion,	communicated	by	Berridge	et	al	[8],	that	calcium	plays	a	part	in	the	regulation	of	cellular	activity.			
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Comparing	the	types	of	analysis	that	have	been	applied	for	the	fixed	and	live	undifferentiated	cells,	spectral	associations	that	are	unique	to	each	analysis	method	can	be	recognised.		In	the	fixed	myoblast	cells,	sector	analysis	appears	to	be	best	suited	to	analyse	of	the	phasor	as	the	interactions	influencing	calcium	bound	Fura	Red	were	localised	to	discrete	regions	of	the	cell.	Cursor	analysis	and	linkage	analysis	did	show	separation	of	pixels	that	exhibited	different	spectral	properties	but	they	were	unable	to	clearly	associate	these	spectral	properties	with	specific	cell	features.			The	application	of	cursor	analysis	in	live	undifferentiated	myoblasts	provided	a	distinction	between	each	of	the	cellular	compartments	based	on	the	spectral	properties	unique	to	these	regions.	Sector	analysis	enabled	the	identification	of	similarities	in	the	maximum	emission	wavelength	between	the	nuclear	and	cytoplasmic	regions	as	well	as	between	the	membrane	and	nucleolus.	Furthermore,	cursor	linkage	was	able	to	expand	on	the	associations	exposed	in	sector	analysis	and	demonstrated	the	‘radiation	effect’	evident	around	the	nucleus.	This	phenomenon	was	not	observed	in	either	of	the	prior	phasor	analyses.	Hence,	the	use	of	each	phasor	analysis	method	was	able	to	show	different	spectral	trends	within	the	same	cell	sample	that	allowed	the	interpretation	and	investigation	of	intracellular	calcium	behaviour.					Spectral	Phasor	analysis	permits	a	deeper	insight	into	the	behaviour	of	calcium	within	the	live	and	fixed	undifferentiated	cells	beyond	what	can	be	concluded	quantitative	fluorescence	methods.	These	shifts	in	the	spectral	profile	of	Fura	Red	may	be	indicative	of	variances	in	the	behaviour	of	calcium	due	to	microenvironment	conditions	and	the	molecular	interactions	between	calcium	and	constituents	within	the	cell.	Although	these	distinct	regions	are	exhibiting	alteration	to	the	emission	spectrum	of	Fura	Red	localised	within	the	cellular	compartments,	it	is	unclear	as	to	what	interactions	and	conditions	are	causing	these	shifts.		
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Chapter	4	–	Spectral	Phasor	Analysis	of	Live	and	Fixed	Differentiating	
L6	Progenitor	Myoblast	Cells		
4.1	–	Introduction		Differentiation	of	L6	progenitor	myoblast	cells	is	the	process	in	which	these	cells	aggregate	together	and	fuse	to	form	multinucleated	muscle	fibres	[17,19,20].	Once	completely	differentiated,	these	cells	exhibit	characteristics	that	are	linked	to	muscle	fibres,	such	as	cross-striation	and	contractility	[19].	Induction	of	the	differentiation	process	occurs	when	the	serum	concentration	is	reduced	in	cell	culture	media	[20].	Calcium	interactions	during	differentiation	have	not	been	investigated	using	the	Spectral	Phasor	approach.	Hence,	applying	the	Spectral	Phasor	approach,	we	are	able	to	characterise	shifts	in	the	spectral	profile	of	Fura	Red	at	different	points	in	early	differentiation.	Differentiating	cells	are	examined	at	the	30	minutes,	1-hour	and	1-day	intervals	to	observe	changes	in	the	spectral	profile	of	Fura	Red	associated	with	molecular	interactions	of	calcium	in	the	initial	stages	of	differentiation.	Each	period	of	differentiation	was	analysed	in	the	fixed	and	live	state.					
4.2	–	Methods	
4.2.1	–	Fixed	Cell	Preparation			Cells	were	cultured	following	the	methods	defined	in	Chapter	2.2.	Once	cultured	cells	had	adhered,	the	DMEM	containing	10%	FBS	was	aspirated	and	replaced	with	DMEM	containing	2%	FBS.	Cells	were	incubated	in	the	DMEM	containing	2%	serum	for	either	30	minutes,	1	hour	or	1	day.	Following	the	appropriate	incubation	in	serum	starvation	conditions,	the	cells	were	fixed	using	the	procedure	described	in	Chapter	2.4.	After	fixation,	Fura	Red™	was	loaded	into	the	cells	as	per	the	loading	protocol	explained	in	Chapter	2.5.	
4.2.2	–	Live	Cell	Preparation			Cells	were	cultured	in	accordance	with	the	methods	defined	in	Chapter	2.2.	Following	the	plating	of	the	cell,	the	DMEM	containing	10%	FBS	was	aspirated	and	replaced	with	DMEM	supplemented	with	2%	serum.		Cells	were	incubated	in	
	 41	
the	DMEM	containing	2%	FBS	for	either	30	minutes,	1	hour	or	1	day.	The	loading	protocol	for	Fura	Red™,	stipulated	in	Chapter	2.5,	was	applied	prior	to	imaging.	
4.2.3	–	Data	Acquisition	and	Analysis		The	protocol	for	imaging	and	spectral	data	acquisition	described	in	Chapter	2.6	was	utilised	to	obtain	confocal	images	and	acquire	spectral	data.	Spectral	Phasor	analysis	was	conducted	as	specified	in	the	procedures	outlined	in	Chapter	2.7.				
4.3	-	Results		
4.3.1	–	30	Minute	Differentiation		To	investigate	shifts	in	the	emission	profile	of	Fura	Red	at	the	30	minute	interval	of	differentiation,	myoblast	cells	were	analysed	in	the	fixed	(Fig.	4.1)	and	live	(Fig.	4.2)	following	incubation	under	differential	conditions.			The	confocal	overlay	(Fig	4.1A)	illustrates	the	distribution	of	calcium	through	fluorescence	intensity	across	the	compartments	of	the	fixed	myoblast	cell.	The	cytoplasmic	region	surrounding	the	nucleus	shows	the	greatest	fluorescence	intensity	while	the	nucleus	appears	to	disclose	relatively	lesser	fluorescence	intensity	than	the	cytoplasmic	region.	Spectral	analysis	of	Fura	Red	and	background	removal	generated	a	phasor	plot	(Fig.	4.1B)	that	shifted	away	from	the	centre	of	the	phasor	plot	and	was	positioned	between	the	first	and	second	quadrants	of	the	plot.		Cursor	analysis	of	the	fixed	progenitor	myoblast	(Fig.	4.1D)	revealed	several	distinct	populations	of	pixels	that	varied	based	on	their	unique	alterations	to	the	spectral	profile	of	Fura	Red	bound	to	calcium.	Figure	4.1C	distinguishes	between	the	predominately	red	(λ	=	492.4	nm)	labelled	nucleus	and	green	(λ	=	506.3	nm)	labelled	cytoplasm.	However,	the	cytoplasm	of	the	fixed	myoblast	also	contains	regions	that	are	labelled	by	the	red,	aqua	(λ	=	488.0	nm)	and	yellow	(λ	=	503.5	nm)	cursors.	The	cell	membrane	is	evidently	categorised	by	the	red	and	pink	(λ	=	485.9	nm)	cursors.			
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Applying	sector	analysis	to	the	phasor	(Fig.	4.1F),	it	was	observed	that	groups	of	pixels	could	be	separated	when	spectral	width	was	kept	relatively	the	same.	Pixels	within	the	green	(λ	=	499.7	nm)	and	red	(λ	=	490.4	nm)	sectors	were	evident	in	the	nuclear	compartment.	The	cytoplasm	was	predominately	characterised	by	the	green	sector	but	there	were	regions	of	the	cytoplasm	that	were	related	back	to	the	aqua	(λ	=	508.0	nm)	and	red	sectors.	It	was	difficult	to	distinguish	the	cell	membrane	in	the	sector	spectral	image	(Fig.	4.1E)	however	it	appears	to	be	associated	with	the	red	and	yellow	(λ	=	481.2	nm)	sectors.		Cursor	linkage	analysis	of	the	phasor	(Fig.	4.1H)	distinguished	between	several	pixel	populations	related	to	spectrum	evident	between	the	red	cursor	(λ	=	486.5	nm,	width	=	44.9	nm)	and	green	cursor	(λ	=	515.7	nm,	width	=	312.0	nm).			
Figure	4.1:	Spectral	Phasor	Analysis	of	a	fixed	progenitor	myoblast	that	has	undergone	30	minutes	of	
differentiation.	(A)	Confocal	overlay	of	fluorescence	and	pseudo-bright	field.	(B)	Full	phasor	plot.	(C)	Spectral	image	resulting	from	cursor	analysis.	(D)	Zoomed	phasor	plot	illustrating	cursor	positioning.	(E)	Spectral	image	resulting	from	sector	analysis.	(F)	Zoomed	phasor	plot	indicating	sector	positioning.	(G)	Spectral	image	resulting	from	linkage	analysis.	(H)	Linkage	map	illustrating	the	colour	spectrum	between	both	cursors.					
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	The	confocal	image	of	the	live	differentiating	progenitor	cell	(Fig.	4.2A)	illustrates	consistent	fluorescence	intensity	of	Fura	Red	across	the	compartments	of	the	cell.		A	phasor	plot	(Fig.	4.2B)	is	generated	from	Spectral	Phasor	analysis	indicative	of	the	spectral	profile	of	each	pixel	of	the	confocal	image.	Removal	of	the	pixels	representative	of	the	DMEM	background	refines	the	phasor	to	the	pixels	that	are	representative	of	the	analysed	cell.	A	shift	in	the	phasor	away	from	the	centre	of	the	plot	is	evident	and	the	phasor	is	positioned	between	the	first	and	second	quadrants.		Cursor	analysis	of	the	phasor	(Fig.	4.2D)	for	the	live	differentiating	cell	displays	segregation	of	pixels	with	different	spectral	properties.	Within	Figure	4.2C,	the	nuclear	region	can	be	identified	and	is	characterised	predominately	by	the	green	cursor	(λ	=	509.5	nm).	However,	discrete	regions	of	the	nucleus	are	labelled	by	the	red	cursor	(λ	=	497.0	nm).	The	pixels	that	represent	the	cytoplasm	can	be	mapped	back	to	the	red	and	blue	(λ	=	489.5	nm)	cursors.	The	membrane	appears	to	also	be	characterised	by	the	red	and	blue	cursors.		The	spectral	image	(Fig.	4.2E)	developed	from	sector	analysis	of	the	phasor	(Fig.	4.2F)	illustrated	several	groups	of	pixels	that	were	spectrally	distinct.	Pixels	representative	of	the	cell	membrane	were	indicative	of	the	green	sector	(λ	=	487.3	nm).	The	cytoplasm	exhibited	a	variation	of	pixel	labelling	by	the	sectors,	
Cursor	Colour	 Cursor	Analysis	(Cursor	Radius	=	0.05)	 Sector	Analysis	(Angle	=	5,	Length	=	15)	 Linkage	Analysis	(Cursor	Radius	=	0.05)	Wavelength	(nm)	 Width	(nm)	 Wavelength	(nm)	 Width	(nm)	 Wavelength	(nm)	 Width	(nm)	
Red		 492.4	 112.5	 490.4	 112.1	 486.5	 44.9	
Green	 506.3	 185.4	 499.7	 111.2	 515.7	 312.0	
Pink		 485.9	 246.7	 ─	 ─	 ─	 ─	
Aqua	 488.0	 63.0	 508.0	 110.7	 ─	 ─	
Yellow	 503.5	 75.9	 481.2	 112.1	 ─	 ─	
Table	4.1:	Spectral	Data	for	the	fixed	30-minute	differentiation.	Wavelength	and	width	coordinates	of	cursors	and	sectors	for	Figure	4.1.		
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which	were	largely	categorised	by	the	red	(λ	=	495.6	nm),	blue	(λ	=	505.2	nm)	and	green	sectors.	Several	distinct	spectral	groups	were	also	identified	in	the	nuclear	compartment	of	the	progenitor	cells.	The	pixels	in	this	region	were	typical	of	the	spectral	properties	linked	to	the	blue,	aqua	(λ	=	523.7	nm)	and	yellow	(λ	=	514.3	nm)	sectors.			Cursor	linkage	(Fig.	4.2H)	of	the	red	cursor	(λ	=	487.8	nm,	width	=	88.4	nm)	and	green	cursor	(λ	=	515.6	nm,	width	=	312.0	nm)	separated	regions	within	the	cytoplasm	and	membrane	that	were	not	evident	in	cursor	or	sector	analysis.	Pixels	of	the	linkage	spectral	image	(Fig.	4.2G)	were	labelled	based	on	their	coverage	by	the	spectrum	between	the	green	and	red	cursors.	
Figure	4.2:	Spectral	Phasor	Analysis	of	a	live	progenitor	myoblast	that	has	undergone	30	minutes	of	differentiation.	(A)	Confocal	overlay	of	fluorescence	and	pseudo-bright	field.	(B)	Full	phasor	plot.	(C)	Spectral	image	resulting	from	cursor	analysis.	(D)	Zoomed	phasor	plot	illustrating	cursor	positioning.	(E)	Spectral	image	resulting	from	sector	analysis.	(F)	Zoomed	phasor	plot	indicating	sector	positioning.	(G)	Spectral	image	resulting	from	linkage	analysis.	(H)	Linkage	map	illustrating	the	colour	spectrum	between	both	cursors.					
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4.3.2	–	1	Hour	Differentiation		
	To	investigate	shifts	in	the	emission	spectrum	of	Fura	Red	at	the	hour	interval	of	differentiation,	myoblast	cells	were	analysed	in	the	fixed	(Fig.	4.3)	and	live	(Fig.	4.4)	following	incubation	under	differential	conditions.			The	confocal	image	of	the	fixed	differentiating	progenitor	myoblast	(Fig.	4.3A)	conveyed	the	distribution	of	calcium	across	the	cell	and	indicated	the	localisation	of	calcium	to	specific	cellular	compartments.	Fluorescence	intensity	appeared	to	be	greatest	within	the	cytoplasmic	region	when	compared	to	the	fluorescence	intensity	of	the	other	cell	structures.	There	appears	to	be	cell	debris	and	artefacts	of	the	fixation	process,	evident	in	the	confocal	image,	that	have	been	stained	by	Fura	Red.			Analysis	of	the	spectral	data	and	the	removal	of	pixels	that	were	not	indicative	of	the	myoblast	cell	produced	a	phasor	that	was	located	between	the	first	and	second	quadrants	and	extended	further	into	the	second	quadrant	(Fig.	4.3B).	The	application	of	cursor	analysis	to	the	phasor	(Fig.	4.3D)	developed	a	spectral	image	(Fig.	4.3C)	that	distinguished	between	the	cellular	compartments	of	the	cell	based	on	differing	spectral	properties	of	each	population	of	pixels.	The	
Cursor	Colour	 Cursor	Analysis	(Cursor	Radius	=	0.05)	 Sector	Analysis	(Angle	=	5,	Length	=	10)	 Linkage	Analysis	(Cursor	Radius	=	0.05)	Wavelength	(nm)	 Width	(nm)	 Wavelength	(nm)	 Width	(nm)	 Wavelength	(nm)	 Width	(nm)	
Red		 497.0	 312.0	 495.6	 260.9	 487.8	 88.4	
Green	 509.5	 312.0	 487.3	 259.0	 515.6	 312.0	
Blue		 489.5	 138.7	 505.2	 263.7	 -	 -	
Aqua	 -	 -	 523.7	 268.3	 -	 -	
Yellow	 487.8	 73.1	 514.3	 265.9	 -	 -	
Table	4.2:	Spectral	Data	for	the	live	30-minute	differentiation.	Wavelength	and	width	coordinates	of	cursors	and	sectors	for	Figure	4.2.		
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debris,	illustrated	in	black	and	grey,	was	excluded	from	the	analysis	as	only	a	portion	of	the	phasor	was	analysed	using	cursors.		Pixels	characterised	by	the	red	(λ	=	490.5	nm)	and	blue	(λ	=	498.6	nm)	were	illustrated	within	the	nuclear	compartment	of	the	cell.		The	spectral	representation	of	the	cell	membrane	was	also	typical	of	the	red	cursor.	Variation	in	the	spectral	properties	of	calcium-bound	Fura	Red	was	observed	throughout	the	cytoplasm.	This	region	was	predominately	labelled	by	the	red	and	green	(λ	=	498.6	nm)	cursors	yet	sections	of	the	cytoplasm	were	also	indicative	of	the	pink	(λ	=500.5	nm)	and	aqua	(λ	=	529.0	nm)	cursors.			
Figure	4.3:	Spectral	Phasor	Analysis	of	a	fixed	progenitor	myoblast	that	has	undergone	1	hour	of	differentiation.	(A)	Confocal	overlay	of	fluorescence	and	pseudo-bright	field.	(B)	Full	phasor	plot.	(C)	Spectral	image	resulting	from	cursor	analysis.	(D)	Zoomed	phasor	plot	illustrating	cursor	positioning.	(E)	Spectral	image	resulting	from	sector	analysis.	(F)	Zoomed	phasor	plot	indicating	sector	positioning.	(G)	Spectral	image	resulting	from	linkage	analysis.	(H)	Linkage	map	illustrating	the	colour	spectrum	between	both	cursors.					
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Applying	angular	sectors	to	the	phasor	(Fig.	4.3F)	further	separated	the	cellular	compartment	of	the	cell	based	on	alterations	to	the	spectral	profile	of	Fura	Red.	Pixels	representing	the	cell	membrane	were	labelled	either	by	the	blue	sector	(λ	=	483.4	nm)	or	the	red	sector	(λ	=	492.3	nm).	The	red	sector	was	also	mapped	to	the	nuclear	compartment.	Cytoplasmic	regions	of	the	cell	were	characterised	with	the	green	(λ	=	501.2	nm),	aqua	(λ	=	518.9	nm),	pink	(λ	=	509.7	nm)	sectors.			Cursor	linkage	(Fig.	H)	between	the	red	(λ	=	483.4	nm,	width	=	99.4	nm)	and	green	cursors	(λ	=	526.8	nm,	width	=	245.2	nm)	does	not	convey	significant	spectral	differences	amongst	most	cellular	compartments.	However	it	does	illustrate	variation	within	the	cytoplasmic	region.		
			A	confocal	image	of	the	live	differentiated	myoblast	cell	(Fig.	4.4A)	displays	the	localisation	of	calcium	based	on	fluorescence	intensity	and	indicates	that	calcium	appears	to	be	distributed	relatively	evenly	across	the	cell.	A	phasor	was	developed	in	the	Spectral	Phasor	analysis	of	this	cell	that	was	located	largely	in	the	first	quadrant	and	has	moved	away	from	the	centre	of	the	plot	(Fig.	4.4B).	Spectral	background	has	been	removed	refining	the	phasor	to	the	pixels	that	represent	the	cell.			
Cursor	Colour	 Cursor	Analysis	(Cursor	Radius	=	0.05)	 Sector	Analysis	(Angle	=	5,	Length	=	12)	 Linkage	Analysis	(Cursor	Radius	=	0.05)	Wavelength	(nm)	 Width	(nm)	 Wavelength	(nm)	 Width	(nm)	 Wavelength	(nm)	 Width	(nm)	
Red		 490.5	 153.2	 492.3	 177.3	 483.4	 99.4	
Green	 509.8	 160.7	 501.2	 173.8	 526.8	 245.2	
Blue		 498.6	 312.0	 483.4	 176.3	 -	 -	
Pink		 500.5	 89.1	 509.7	 177.1	 -	 -	
Aqua	 529.0	 148.3	 518.9	 176.8	 -	 -	
Yellow	 487.0	 78.6	 528.0	 176.7	 -	 -	
Table	4.3:	Spectral	Data	for	the	fixed	1-hour	differentiation.	Wavelength	and	width	coordinates	of	cursors	and	sectors	for	Figure	4.3.		
	 48	
Cursor	analysis	of	the	phasor	(Fig.	4.4D)	reveals	populations	of	pixels	that	are	associated	with	cellular	structures	and	these	pixels	can	be	segregated	based	on	unique	alterations	to	the	spectral	profile	of	Fura	Red.	Figure	4.4C	shows	the	nuclear	compartment	distinguished	by	the	green	cursor	(λ	=	492.1	nm)	and	red	cursor	(λ	=	489.3	nm).	The	spectral	width	of	the	red	(width	=	76.2	nm)	and	green	(width	=	145.5	nm)	vary	significantly.	Spectrally	distinct	populations	of	pixels	are	evident	throughout	the	cytoplasm	associated	with	the	green,	red	and	blue	(λ	=	487.5	nm)	cursors.	The	pixels	representing	the	membranous	regions	appear	to	be	related	to	the	red	and	blue	cursors.		
Figure	4.4:	Spectral	Phasor	Analysis	of	a	live	progenitor	myoblast	that	has	undergone	1	hour	of	differentiation.	(A)	Confocal	overlay	of	fluorescence	and	pseudo-bright	field.	(B)	Full	phasor	plot.	(C)	Spectral	image	resulting	from	cursor	analysis.	(D)	Zoomed	phasor	plot	illustrating	cursor	positioning.	(E)	Spectral	image	resulting	from	sector	analysis.	(F)	Zoomed	phasor	plot	indicating	sector	positioning.	(G)	Spectral	image	resulting	from	linkage	analysis.	(H)	Linkage	map	illustrating	the	colour	spectrum	between	both	cursors.							
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The	use	of	angular	sectors	to	analyse	the	phasor	(Fig	4.4F)	does	not	show	a	distinction	between	the	cytoplasmic	and	nuclear	compartments	(Fig.	4.4E).	The	membranous	sections	of	the	cell	are	indicative	of	the	green	cursor	(λ	=	484.1	nm)	while	the	nuclear	and	cytoplasmic	compartments	are	characteristic	of	the	red	(λ	=	493.0	nm)	and	blue	(λ	=	501.4	nm)	cursors.			Cursor	linkage	analysis	(Fig.	4.4H)	illustrates	the	distinction	of	pixels	that	are	spectrally	different	throughout	the	cellular	compartments.	Colours	assigned	to	pixels	based	on	the	spectrum	between	the	red	(λ	=	487.0	nm,	width	=	34.5	nm)	and	green	cursors	(λ	=	494.1	nm,	width	=	312.0	nm)	are	evident	within	Figure	4.4G.		
	
4.3.3	–	1	Day	Differentiation		To	investigate	shifts	in	the	spectral	profile	of	Fura	Red	at	the	1	day	interval	of	differentiation,	myoblast	cells	were	analysed	in	the	fixed	(Fig.	4.3)	and	live	(Fig.	4.4)	following	incubation	under	differential	conditions.		The	confocal	image	(Fig.	4.5A)	of	the	fixed	differentiating	myoblast	cell	demonstrates	fluorescence	indicative	of	the	binding	of	Fura	Red	to	calcium.	Fluorescence	intensity	illustrates	the	distribution	of	calcium	across	the	cell	and	reveals	increased	localisation	of	calcium	in	cytoplasm	based	on	greater	
Cursor	Colour	 Cursor	Analysis	(Cursor	Radius	=	0.05)	 Sector	Analysis	(Angle	=	5,	Length	=	15)	 Linkage	Analysis	(Cursor	Radius	=	0.05)	Wavelength	(nm)	 Width	(nm)	 Wavelength	(nm)	 Width	(nm)	 Wavelength	(nm)	 Width	(nm)	
Red		 489.3	 76.2	 493.0	 115.6	 487.0	 34.5	
Green	 492.1	 145.5	 484.1	 117.9	 494.1	 312.0	
Blue		 487.5	 46.2	 501.4	 116.0	 -	 -	
Aqua	 487.3	 30.7	 -	 -	 -	 -	
Yellow	 496.2	 312.0	 -	 -	 -	 -	
Table	4.4:	Spectral	Data	for	the	live	1-hour	differentiation.	Wavelength	and	width	coordinates	of	cursors	and	sectors	for	Figure	4.4.		
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fluorescence	intensity	in	this	region	when	compared	to	the	other	cellular	compartments.	Cell	debris	and	artefacts	from	the	fixation	process	are	evident	in	the	confocal	image	and	have	been	labelled	with	Fura	Red.			Spectral	Phasor	analysis	and	spectral	background	removal	generated	a	phasor	that	was	situated	between	the	first	and	second	quadrants	of	the	phasor	plot	(Fig.	4.5B).	The	cursor	spectral	image	(Fig.	4.5C)	produced	from	the	application	of	cursors	to	the	phasor	(Fig.	4.5D)	separates	the	cellular	compartments	based	on	the	spectral	properties	of	the	pixels	that	are	encompassed	within	each	region.	The	nucleus	displays	pixels	labelled	by	the	red	(λ	=	492.6	nm)	and	blue	(λ	=	490.1	nm)	cursors.	Variances	in	the	spectral	width	of	the	blue	and	red	cursors,	312.0	nm	and	247.2	nm	respectively,	were	evident	in	Table	4.5.	Assignment	of	
Figure	4.5:	Spectral	Phasor	Analysis	of	a	fixed	progenitor	myoblast	that	has	undergone	1	day	of	differentiation.	(A)	Confocal	overlay	of	fluorescence	and	pseudo-bright	field.	(B)	Full	phasor	plot.	(C)	Spectral	image	resulting	from	cursor	analysis.	(D)	Zoomed	phasor	plot	illustrating	cursor	positioning.	(E)	Spectral	image	resulting	from	sector	analysis.	(F)	Zoomed	phasor	plot	indicating	sector	positioning.	(G)	Spectral	image	resulting	from	linkage	analysis.	(H)	Linkage	map	illustrating	the	colour	spectrum	between	both	cursors.					
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the	red	cursor	was	also	apparent	in	the	pixels	that	represented	the	cell	membrane.	The	cytoplasm	of	the	fixed	cell	was	largely	characterised	by	the	red	and	green	(λ	=	517.3	nm)	cursors.			Sector	analysis	of	the	phasor	(Fig.	4.5F)	further	identifies	populations	of	pixels	that	are	spectrally	distinct	within	the	generated	spectral	image	(Fig.	4.5E).	Spectral	properties	of	the	pixels	that	form	the	nuclear	compartment	are	linked	to	the	red	(λ	=	494.3	nm)	and	green	(λ	=	506.6	nm)	sectors.	Pixels	characterised	by	the	blue	(λ	=	518.6	nm)	sector	are	evident	around	the	nucleus	and	throughout	the	cytoplasm.	The	cytoplasmic	region	also	displayed	pixels	associated	with	the	green	and	yellow	(λ	=	531.7	nm)	sectors.	Pixels	related	to	the	aqua	(λ	=	481.6	nm)	and	red	sectors	are	evident	in	some	membrane	segments	of	the	cell.			Figure	4.5G	illustrates	the	discrimination	of	pixels	that	are	spectrally	different	through	the	linkage	(Fig.	4.5H)	of	the	red	cursor	(λ	=	484.7	nm,	width	=	143.4	nm)	with	the	green	cursor	(λ	=	532.8	nm,	width	=	312.0	nm).		Spectral	properties	are	seen	to	vary	within	the	nuclear	and	cytoplasmic	compartments.		
	 	
Cursor	
Colour	 Cursor	Analysis	(Cursor	Radius	=	0.05)	 Sector	Analysis	(Angle	=	7,	Length	=	10)	 Linkage	Analysis	(Cursor	Radius	=	0.05)	Wavelength	(nm)	 Width	(nm)	 Wavelength	(nm)	 Width	(nm)	 Wavelength	(nm)	 Width	(nm)	
Red		 492.6	 247.2	 494.3	 266.8	 484.7	 143.4	
Green	 517.3	 312.0	 506.6	 261.3	 532.8	 312.0	
Blue		 490.1	 312.0	 518.6	 263.0	 -	 -	
Pink		 540.8	 225.8	 -	 -	 -	 -	
Aqua	 -	 -	 481.4	 270.3	 -	 -	
Yellow	 508.6	 144.1	 531.7	 273.2	 -	 -	
Table	4.5:	Spectral	Data	for	the	fixed	1-day	differentiation.	Wavelength	and	width	coordinates	of	cursors	and	sectors	for	Figure	4.5.		
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Figure	4.6A	presents	a	confocal	image	of	the	live	differentiated	progenitor	myoblast	cell	shows	similar	fluorescence	intensity	indicative	of	calcium	bound	Fura	Red	across	the	cell.	Spectral	Phasor	analysis	of	the	spectral	data	generates	a	phasor	(Fig	4.6B)	that	is	in	close	proximity	to	the	centre	of	the	plot	and	is	situated	between	the	first,	second	and	third	quadrants	following	removal	of	spectral	background.		Applying	cursor	analysis	to	the	phasor	(Fig.	4.6D),	spectral	differences	in	the	pixels	that	represent	the	cytoplasm	and	nucleus	are	evident	in	the	spectral	image	(Fig.	4.6C).	The	cellular	compartments	are	not	clearly	resolved	in	the	cursor	spectral	image	however	they	can	be	inferred	with	reference	to	the	confocal	
Figure	4.6:	Spectral	Phasor	Analysis	of	a	live	progenitor	myoblast	that	has	undergone	1	day	of	differentiation.	(A)	Confocal	overlay	of	fluorescence	and	pseudo-bright	field.	(B)	Full	phasor	plot.	(C)	Spectral	image	resulting	from	cursor	analysis.	(D)	Zoomed	phasor	plot	illustrating	cursor	positioning.	(E)	Spectral	image	resulting	from	sector	analysis.	(F)	Zoomed	phasor	plot	indicating	sector	positioning.	(G)	Spectral	image	resulting	from	linkage	analysis.	(H)	Linkage	map	illustrating	the	colour	spectrum	between	both	cursors.					
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overlay	image.		Pixels	associated	with	the	blue	(λ	=	627.7	nm)	and	green	(λ	=	532.8	nm)	are	evident	in	the	region	indicative	of	the	nuclear	compartment.	The	cytoplasmic	region	is	characterised	by	the	green	and	red	(λ	=	494.3	nm)	cursors	while	the	membrane	is	also	indicative	of	the	spectral	properties	related	to	the	red	cursor.			The	spectral	image	(Fig.	4.6E)	produced	using	angular	sectors	on	the	phasor	(Fig.	4.6F)	separates	pixel	populations	that	exhibit	variances	in	the	spectral	profile	of	Fura	Red.	The	red	sector	(λ	=	490.3	nm)	is	represented	in	the	membranous	and	cytoplasmic	compartments	of	the	cell.	Cytoplasm	surrounding	the	nucleus	encompasses	pixels	that	display	the	spectral	properties	associated	with	the	green	(λ	=	510.2	nm)	and	blue	(λ	=	529.3	nm)	sectors.	Within	the	nuclear	compartment,	pixels	are	predominately	labelled	by	the	yellow	(λ	=	606.6	nm),	aqua	(λ	=	571.1	nm)	and	pink	(λ	=	548.9	nm)	sectors.			Linkage	of	the	red	cursor	(λ	=	484.7	nm,	width	=	143.4	nm)	with	the	green	cursor	(λ	=	532.8	nm,	width	=	312.0	nm)	with	a	graduated	spectrum	(Fig.	4.6H)	separates	pixels	that	exhibit	distinctive	spectral	properties.	The	linkage	spectral	image	(Fig.	4.6G)	identifies	several	isolated	populations	of	pixels	centred	around	the	nucleus.		
		
Cursor	Colour	 Cursor	Analysis	(Cursor	Radius	=	0.05)	 Sector	Analysis	(Angle	=	10	,	Length	=	6)	 Linkage	Analysis	(Cursor	Radius	=	0.05)	Wavelength	(nm)	 Width	(nm)	 Wavelength	(nm)	 Width	(nm)	 Wavelength	(nm)	 Width	(nm)	
Red		 494.3	 312.0	 490.3	 312.0	 490.1	 265.3	
Green	 532.8	 312.0	 510.2	 312.0	 605.5	 312.0	
Blue		 627.7	 312.0	 529.3	 312.0	 -	 -	
Pink		 -	 -	 548.9	 312.0	 -	 -	
Aqua	 -	 -	 571.1	 312.0	 -	 -	
Yellow	 -	 -	 606.6	 312.0	 -	 -	
Table	4.6:	Spectral	Data	for	the	live	1-day	differentiation.	Wavelength	and	width	coordinates	of	cursors	and	sectors	for	Figure	4.6.		
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4.4	-	Discussion			Investigation	into	the	stages	of	differentiation	experienced	by	progenitor	myoblasts	using	Spectral	Phasor	analysis	has	exposed	distinct	spectral	differences	amongst	the	nuclear	and	cytoplasmic	regions.	These	finding	concur	with	the	research	efforts	of	Braithwaite	[56]	and	Andrews	et	al	[59]	whom	also	apply	Spectral	Phasor	analysis	to	characterise	spectral	shifts	in	RNA	and	actin	specific	fluorophores.	These	alterations	to	the	spectral	profile	of	Fura	Red	may	be	indicative	of	differences	in	the	behaviour	of	calcium	within	these	cellular	environments.	Furthermore,	these	shifts	may	also	be	a	function	of	the	diverse	conditions	of	microenvironments	within	these	cellular	compartments.	Utilising	the	Spectral	Phasor	method,	we	are	able	to	distinguish	discrete	spectral	and	map	them	spatially	within	the	nucleus	and	cytoplasm	of	differentiating	myoblast	cells.		
4.4.1	–	Analysis	of	the	Nuclear	Region	in	Differentiating	Progenitor	Myoblasts				Spectral	Phasor	analysis	of	the	differentiating	progenitor	myoblast	cells	portrayed	the	nuclear	compartment	of	the	myoblast	cells	as	one	of	the	major	regions	of	interest	in	the	fixed	and	live	state.	The	pixels	representing	the	nucleus	at	each	stage	of	differentiation	exhibited	discrete	regions	that	presented	unique	shifts	in	the	spectral	properties	of	Fura	Red	bound	to	calcium.			The	application	of	cursor	and	sector	analysis	to	live	and	fixed	myoblast	cells	at	30-minute	interval	of	differentiation	enabled	the	separation	of	discrete	populations	of	pixels	that	exhibited	differences	in	the	spectral	profile	of	Fura	Red	throughout	the	nucleus.	These	regions	were	distinguished	mainly	due	to	shifts	in	the	maximum	emission	wavelength.	This	was	evident	more	so	in	the	sector	analyses	where	spectral	width	was	kept	relatively	constant.	Spectrally	distinct	pixels	were	distributed	across	the	nuclear	compartment	and	at	the	nuclear	membrane.	Linkage	analysis	further	separated	distinct	regions	illustrating	a	larger	segregation	of	the	pixels	indicative	of	segments	within	the	nucleus.			Reports	detailing	the	role	of	calcium	in	nuclear	signalling	pathways	[7]	and	transport	across	nuclear	membrane	[4,8]	have	illustrated	the	importance	of	the	
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various	regulatory	roles	that	calcium	exerts	on	nuclear	processes.	The	findings	of	the	research	presented	here	supports	the	models	of	calcium	interactions	clarified	in	literature.	At	the	30-minute	stage	of	myoblast	differentiation,	it	seems	as	though	nuclear	processes	may	be	causing	a	diverse	range	of	alterations	to	the	spectrum	of	Fura	Red	bound	to	calcium	in	this	compartment.	This	may	be	a	function	of	several	calcium	interactions	in	the	nucleus	as	well	as	discrete	calcium	microenvironments	in	this	region.			Cursor	and	sector	analysis	of	the	progenitor	myoblasts	that	are	characterised	following	an	hour	of	differentiation	illustrates	spectral	variation	in	Fura	Red	bound	to	calcium	within	the	nucleus.	This	is	evident	in	both	the	fixed	and	live	analyses.	Furthermore,	there	appears	to	be	a	reduction	in	the	number	of	spectrally	distinct	regions	evident	in	the	nuclear	compartment	at	the	hour	interval	of	differentiation	when	compared	to	the	data	generated	for	30-minute	differentiation.			Linkage	analysis	of	the	fixed	and	live	myoblasts	at	the	hour	interval	of	differentiation	confirms	the	reduction	in	variance	of	spectrally	distinct	regions.	The	nuclear	portion	of	the	linkage	images	illustrate	that	the	majority	of	the	regions	display	similarity	in	the	changes	to	the	spectral	profile	of	Fura	Red	yet	there	still	remains	to	be	regions	of	the	nucleus	that	exhibit	different	spectral	alterations	to	Fura	Red.	It	is	assumed	that	the	reduction	of	spectrally	diverse	regions	in	the	nucleus	at	this	later	stage	of	early	myoblast	differentiation	could	be	due	to	changes	in	the	nuclear	processes	regulated	by	calcium.	Assimilation	of	the	transcriptional	activity	of	the	cells	[7,64],	in	response	to	the	induction	of	differentiation,	encourages	the	aggregation	and	fusion	of	the	L6	myoblast	cells	[17,20].	This	may	explain	the	apparent	spectral	similarity	in	Fura	Red	across	this	compartment	following	an	hour	of	differentiation	and	further	infers	the	regulatory	role	of	calcium	in	nuclear	processes.					
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Following	a	day	of	differentiation,	cursor	and	sector	analysis	exposed	a	further	reduction	of	the	spectrally	distinct	regions	within	the	nucleus	when	compared	to	the	findings	of	the	earlier	stages	of	differentiation	mentioned	previously.	The	nuclear	compartment	in	the	cursor	and	spectral	images	are	predominately	characterised	by	either	one	or	two	populations	of	pixels	that	exhibited	discrete	spectral	properties.	This	was	evident	in	the	analysis	of	both	the	fixed	and	live	specimens.	An	exception	to	this	trend	was	evident	in	the	sector	analysis	of	the	live	myoblast	cell	as	there	were	several	discrete	regions	evident	in	the	nucleus	that	displayed	unique	shifts	to	the	spectral	profile	of	Fura	Red.			Again	linkage	analysis	was	able	to	confirm	the	decrease	in	spectral	variability	of	Fura	Red	across	the	nuclear	region.	The	linkage	spectral	image	conveyed	spectral	similarity	in	a	large	portion	of	this	compartment	yet	was	still	able	to	identify	regions	that	did	not	share	the	same	spectral	alterations	to	Fura	Red.		These	finding	provide	additional	evidence	to	support	the	assumption	that	the	similarity	in	the	shifts	of	the	spectral	prolife	could	be	related	to	the	regulatory	role	of	calcium	in	the	coordination	of	nuclear	processes	during	myoblast	differentiation.							
4.4.2	–	Analysis	of	the	Cytoplasmic	Region	in	Differentiating	Progenitor	Myoblasts				Characterisation	of	calcium	using	the	Spectral	Phasor	method	highlighted	the	cytoplasmic	compartment	of	L6	progenitor	cells	as	another	major	region	of	interest	in	live	and	fixed	samples.	Pixels	representative	of	the	cytoplasm,	at	the	stages	of	differentiation	that	were	studied,	showed	unique	shifts	in	the	spectral	properties	of	Fura	Red	bound	to	calcium.	These	spectrally	discrete	regions	could	be	mapped	indicating	their	positioning	within	the	cytoplasm.			Cursor	and	sector	analysis	of	the	spectral	data	for	the	live	and	fixed	myoblasts	that	had	undergone	a	differentiation	period	of	30	minutes	exposed	several	spectrally	distinct	populations	of	pixels	throughout	the	cytoplasm.	In	the	fixed	sample	for	this	period	of	myoblast	differentiation,	there	appears	to	be	multiple	populations	of	pixels	with	unique	spectral	properties	in	the	cytoplasm	
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surrounding	the	nucleus.	The	storage	and	release	of	calcium	has	been	associated	with	numerous	cytoplasmic	structures	including	the	endoplasmic	reticular	and	outer	nuclear	membrane	[3,7,8].	Moreover,	cytoplasmic	calcium	has	also	been	reported	to	be	transported	into	the	nuclear	compartment	through	nuclear	pore	complexes	[7],	as	illustrated	in	Figure	1.1.			Variances	in	the	spectral	properties	of	pixels	surrounding	the	nucleus	were	elaborated	further	upon	the	application	of	linkage	analysis	to	the	fixed	cell.		Hence,	the	variance	in	the	spectral	properties	of	pixels	in	the	cytoplasm	surrounding	the	nucleus	could	be	associated	with	the	calcium	release	and	transport	mechanisms	that	are	noted	within	numerous	studies	and	reviews.	Additionally,	some	of	the	regions	within	the	cytoplasm	share	similar	spectral	shifts	in	the	emission	profile	of	Fura	Red	as	regions	within	the	nuclear	compartment.			Shared	spectral	properties	across	the	cellular	compartments	are	not	as	clear	in	the	live	analysis	of	the	progenitor	myoblast	in	the	30-minute	stage	of	differentiation.	Although	there	are	distinctions	between	pixels	representative	of	the	cytoplasm	in	the	live	characterisation,	the	rapid	and	dynamic	nature	of	calcium	may	affect	the	capacity	of	Spectral	phasor	analysis	to	capture	and	effectively	distinguish	between	spectrally	distinct	pixels.			Discrete	regions	displaying	differences	in	the	spectral	profile	of	Fura	Red	were	also	identified	in	the	fixed	and	live	analysis	of	myoblast	cells	that	had	been	differentiated	for	an	hour.	Applying	cursor	and	sector	analysis	to	the	spectral	data	for	cells	in	this	stage	of	differentiation,	we	uncovered	a	reduction	in	the	spectrally	distinct	populations	evident	in	the	cytoplasm	when	compared	to	the	earlier	stage	differentiation.	Variation	in	the	spectral	properties	of	pixels	that	are	representative	of	the	cytoplasmic	region	were	characterised	by	only	one	or	two	spectrally	different	regions	however	this	tendency	was	not	exhibited	in	the	sector	analysis	of	the	live	differentiating	myoblast	in	Figure	4.4E.	Despite	this,	the	pixels	representative	of	the	cytoplasmic	compartment	in	both	the	fixed	and	
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live	cells	did	resolve	spectral	differences	across	discrete	regions	of	the	cytoplasm.			Linkage	analysis	of	the	fixed	myoblast	did	not	reveal	significant	spectral	populations	across	the	cytoplasm.	Nevertheless,	linkage	analysis	did	specify	that	there	might	have	been	some	distinction	between	the	pixels	surrounding	the	nuclear	compartment.	Linkage	analysis	of	the	live	myoblast	did	infer	alterations	to	the	spectral	profile	of	Fura	Red	evident	amongst	the	regions	of	the	cytoplasm.	Furthermore,	it	illustrated	the	notion	that	similarities	could	be	identified	across	the	cellular	compartments,	which	was	previously	identified	in	the	myoblasts	differentiated	over	a	30-minute	period.			This	frequently	observed	association	might	be	indicative	of	similar	interactions	and	environmental	influence	on	calcium	across	these	regions.	Similar	conclusions	drawn	from	previous	applications	of	Spectral	Phasor	analysis	to	target	molecules	by	Braithwaite	[56]	and	Andrews	et	al	[59]	support	the	assumed	influence	of	environmental	and	target	molecule	interactions	on	the	variance	in	the	spectral	properties	of	a	fluorescent	probe.		Spectral	phasor	analysis	of	myoblast	cells	that	had	been	differentiated	over	24	hours	enabled	the	identification	of	regions	presenting	unique	spectral	shifts	in	the	emission	profile	of	Fura	Red.	This	was	evident	more	so	in	the	fixed	cell	than	the	live	myoblast	cell.	As	mentioned	earlier	this	discrepancy	between	the	fixed	and	live	cells	may	be	in	part	due	to	the	rapid	and	dynamic	nature	of	calcium,	which	is	constantly	shifting	during	the	analysis	of	live	cells.	Nonetheless,	isolated	regions	of	the	cytoplasm	in	the	live	cell	were	able	to	display	distinct	regional	differences	potentially	indicative	of	calcium	microenvironments	using	cursor,	sector	and	linkage	analysis.			Applying	cursor	and	sector	analysis	to	the	fixed	myoblast	differentiated	for	24	hours,	several	spectrally	distinguishable	populations	were	identified	within	the	cytoplasmic	compartment.	This	trend	was	apparent	in	the	myoblasts	differentiated	for	30	minutes	more	so	than	in	the	myoblast	cells	differentiated	
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over	an	hour	time	course.	Furthermore,	pixels	surrounding	the	nuclear	compartment	showed	variation	with	each	group	of	pixels	demonstrating	a	unique	spectral	shift	in	the	emission	profile	of	Fura	Red.			Pixel	populations	throughout	the	cytoplasmic	compartment	were	spectrally	distinguished	with	some	species	only	evident	in	the	cytoplasm.	As	mentioned	earlier,	some	of	these	pixels	were	evident	in	both	the	cytoplasm	and	nucleus	of	the	myoblast,	which	elucidates	regions	within	these	cellular	compartments	that	share	similar	shifts	in	the	spectral	profile	of	Fura	Red.	These	associations	were	further	confirmed	by	the	application	of	cursor	linkage	to	the	fixed	myoblast	after	24	hours	of	differentiation,	as	there	appears	to	be	a	greater	distinction	between	pixel	populations	mapped	back	to	the	spectrum	connecting	the	cursors.		Cytoplasmic	variation	in	the	spectral	profile	of	Fura	Red	may	be	indicative	of	changing	calcium	interactions	experienced	in	this	region	throughout	differentiation.	A	major	event	in	myoblast	differentiation	is	the	assembly	of	the	sarcoplasmic	reticulum	[65,66],	a	region	of	the	muscle	fibre	that	stores	the	large	majority	of	intracellular	calcium	[23,24,67].	It	is	assumed	that	these	shifts	in	the	spectral	profile	of	Fura	Red	could	be	indicative	of	the	interactions	experienced	by	calcium	in	the	assembly	of	the	sarcoplasmic	reticulum	in	preparation	for	the	formation	of	muscle	fibres	amongst	other	processes	occurring	within	the	cytoplasm	during	differentiation.										
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Chapter	5	–	Spectral	Phasor	Analysis	of	Live	Differentiating	L6	
Progenitor	Myoblast	Cells	Treated	with	EDHB	and	W-7		
5.1	–	Introduction			Calcium	has	a	regulatory	role	in	many	cellular	activities	[1,2]	and	signalling	pathways	[7].	During	myoblast	differentiation,	the	role	of	calcium-dependent	signalling	pathways	is	relatively	unknown,	however	the	distribution	of	calcium	ions	amongst	the	cellular	compartments	[63]	has	been	previously	quantified.	Inhibitors	of	calcium	dependent	regulatory	proteins,	such	as	CaM,	have	been	proven	to	disrupt	calcium	regulation	of	these	messengers	altering	cellular	processes	[32,33].	Cell	differentiation	inhibitors,	such	as	EDHB,	prohibit	the	differentiation	of	progenitor	cells	[16]	and	may	influence	regulatory	calcium	interactions	as	a	result	of	the	cessation	of	differentiation.	In	this	chapter,	we	examine	capacity	of	Spectral	Phasor	analysis	to	characterise	the	effects	of	differentiation	inhibitor	EDHB	and	CaM	inhibitor	W-7	on	the	spectral	profile	of	calcium-bound	Fura	Red	during	L6	progenitor	myoblast	differentiation.	
5.2	-	Methods		Cells	were	cultured	following	the	cell	culture	methods	stipulated	in	Chapter	2.2.	Following	the	plating	of	the	cell,	the	DMEM	containing	10%	FBS	was	aspirated	and	replaced	with	DMEM	containing	2%	serum.	For	cells	that	were	differentiated	over	a	24-hour	time	period,	the	calcium	treatments	were	added	following	the	introduction	of	DMEM	containing	low	serum	concentration.	For	cell	that	were	differentiated	over	a	48-hour	time	period,	the	calcium	treatments	were	added	after	24	hours	of	differentiation	had	been	completed.			EDHB	treatment	was	conducted	in	accordance	with	the	method	conveyed	in	Chapter	2.3.1.	W-7	treatment	was	introduced	as	per	the	procedure	described	in	Chapter	2.3.2.	The	loading	protocol	for	Fura	Red™,	stipulated	in	Chapter	2.5,	was	applied	prior	to	imaging.	
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5.3	-	Results	
5.3.1	–	Spectral	Phasor	Analysis	of	EDHB	Treatment	in	Differentiating	Progenitor	
Myoblast	Cells		This	section	examines	the	effects	of	20	mM	EDHB	on	live	differentiating	myoblast	cell	at	the	24-hour	(Fig.	5.1)	and	48-hour	(Fig.	5.1)	period	of	differentiation.			The	confocal	image	(Fig.	5.1A)	of	the	live	progenitor	myoblast	that	has	been	differentiated	for	24	hours	under	treatment	conditions	displays	fluorescence	of	calcium-bound	Fura	Red	localised	within	the	cell.	Fluorescence	intensity	of	Fura	Red	indicates	calcium	is	distributed	relatively	evenly	amongst	the	cellular	compartments.	The	normal	morphology	of	the	L6	progenitor	cells	appears	to	be	maintained.	Spectral	Phasor	analysis	of	the	EDHB	treated	cell	generates	a	phasor	that	is	positioned	across	the	first	and	second	quadrants	of	the	plot	(Fig.	5.1B).	The	phasor	was	refined	by	the	removal	of	spectral	background	due	to	DMEM.			Cursor	analysis	of	the	phasor	(Fig.	5.1D)	illustrates	a	variety	of	pixel	populations	with	different	spectral	properties	that	can	be	mapped	back	to	cursors	on	the	phasor	plot.	A	spectral	image	generated	from	cursor	analysis	(Fig.	5.1C)	outlines	the	spectral	properties	of	the	pixels	based	on	the	cursor	assignment	as	well	as	indicating	their	positioning	within	the	cell.	The	nuclear	region	of	the	cell	is	characterised	by	the	red	(λ	=	505.3	nm),	green	(λ	=	494.9	nm)	and	blue	(λ	=	508.0	nm)	cursors.	Red-,	green-	and	blue-labelled	pixels	are	predominately	evident	within	the	pixel	that	represents	the	cytoplasm	along	with	small	regions	of	the	characterised	by	the	yellow	cursor	(λ	=	496.6	nm).	Cell	membrane	regions	are	largely	typical	of	the	properties	exhibited	by	the	green	cursor.			The	use	of	angular	sectors	on	the	phasor	(Fig.	5.1F)	distinguishes	between	pixels	with	distinct	spectral	profiles	however	does	not	provide	a	clear	indication	of	these	properties	associated	to	the	cellular	compartments	of	the	myoblast	cell.	With	reference	to	the	confocal	image,	these	regions	can	be	inferred	in	the	sector	spectral	image	(Fig.	5.1E).	The	red	sector	(λ	=	497.4	nm)	was	mapped	onto	pixels	
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that	were	distributed	amongst	the	nuclear	and	cytoplasmic	compartments.	Pixels	indicative	of	the	green	sector	(λ	=	506.4	nm)	were	also	dispersed	across	the	nuclear	and	cytoplasmic	sections	of	the	cell.	Within	the	cytoplasm,	there	appears	to	be	small	regions	characteristic	of	the	yellow	sector	(λ	=	515.5	nm).		The	cell	membrane	is	labelled	by	the	red	and	blue	(λ	=	488.0	nm)	sectors.		Cursor	linkage	analysis	of	the	phasor	(Fig.	5.1H)	illustrated	several	pixel	populations,	evident	mainly	in	the	cytoplasm	and	nucleus,	related	to	spectrum	linking	the	red	cursor	(λ	=	490.8	nm,	width	=	25.8	nm)	and	green	cursor	(λ	=	514.0	nm,	width	=	107.7	nm).				
Figure	5.1:	Spectral	Phasor	Analysis	of	a	live	progenitor	myoblast	treated	with	20	mM	EDHB	after	1	day	of	
differentiation.	(A)	Confocal	overlay	of	fluorescence	and	pseudo-bright	field.	(B)	Full	phasor	plot.	(C)	Spectral	image	resulting	from	cursor	analysis.	(D)	Zoomed	phasor	plot	illustrating	cursor	positioning.	(E)	Spectral	image	resulting	from	sector	analysis.	(F)	Zoomed	phasor	plot	indicating	sector	positioning.	(G)	Spectral	image	resulting	from	linkage	analysis.	(H)	Linkage	map	illustrating	the	colour	spectrum	between	both	cursors.					
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	The	live	progenitor	myoblast	in	the	confocal	image	(Fig.	5.2A)	has	been	differentiated	for	48	hours	and	exposed	to	EDHB	treatment	for	24	hours.	This	image	displays	fluorescence	due	to	calcium-bound	Fura	Red	localised	within	the	cell.	Fluorescence	intensity	of	Fura	Red	illustrates	that	calcium	concentration	is	greatest	in	the	nucleolar	region	of	the	cell	relative	to	the	fluorescence	intensity	of	the	other	cellular	compartments.	Furthermore,	the	morphology	of	the	L6	progenitor	cells	appears	to	have	been	disrupted	by	the	EDHB	treatment	causing	alterations	to	the	cytoplasm	and	cell	membrane.			Spectral	Phasor	analysis	of	this	EDHB	treated	cell	produced	a	phasor	that	is	located	across	the	first,	second	and	third	quadrant	and	is	in	close	proximity	to	the	centre	of	the	plot	(Fig.	5.2B).	Removal	of	spectral	background	refined	the	phasor	to	the	pixels	representative	of	the	cell.	Applying	cursor	analysis	to	the	phasor	(Fig	5.2D)	distinguished	between	regions	of	the	cell	that	exhibit	unique	shifts	in	the	spectral	profile	of	Fura	Red,	evident	in	Figure	5.2C.	The	red	cursor	(λ	=	519.0	nm)	is	mapped	to	pixels	that	are	mapped	within	the	majority	of	the	nuclear	compartment	and	a	portion	of	the	cytoplasmic	compartment.					
Cursor	
Colour	 Cursor	Analysis	(Cursor	Radius	=	0.05)	 Sector	Analysis	(Angle	=	5,	Length	=	25)	 Linkage	Analysis	(Cursor	Radius	=	0.05)	Wavelength	(nm)	 Width	(nm)	 Wavelength	(nm)	 Width	(nm)	 Wavelength	(nm)	 Width	(nm)	
Red		 505.3	 51.8	 497.4	 42.0	 490.8	 25.8	
Green	 494.9	 44.4	 506.4	 41.8	 514.0	 107.7	
Blue		 508.0	 89.6	 488.0	 42.5	 -	 -	
Pink		 488.1	 31.0	 -	 -	 -	 -	
Aqua	 494.8	 72.2	 -	 -	 -	 -	
Yellow	 496.6	 30.2	 515.5	 41.9	 -	 -	
Table	5.1:	Spectral	Data	for	the	myoblast	treated	with	20	mM	EDHB	after	1	day	of	differentiation.	Wavelength	and	width	coordinates	of	cursors	and	sectors	for	Figure	5.1.	
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	Cytoplasmic	regions	surrounding	the	nucleus	and	small	sections	of	the	cytoplasm	are	indicative	of	the	blue	cursor	(λ	=	494.5	nm).		Pixels	representative	of	the	nucleolus	are	characterised	by	the	green	cursor	(λ	=	568.6	nm)	while	regions	of	the	cytoplasm	and	the	cell	membrane	are	related	to	the	pink	cursor	(λ	=	473.7	nm).	The	use	of	angular	sectors	to	analyse	the	phasor	(Fig.	5.2F)	conveyed	distinct	groups	of	pixels	that	indicative	of	unique	alterations	to	the	spectral	profile	of	Fura	Red.			
Figure	5.2:	Spectral	Phasor	Analysis	of	a	live	progenitor	myoblast	treated	with	20	mM	EDHB	after	2	days	of	
differentiation.	(A)	Confocal	overlay	of	fluorescence	and	pseudo-bright	field.	(B)	Full	phasor	plot.	(C)	Spectral	image	resulting	from	cursor	analysis.	(D)	Zoomed	phasor	plot	illustrating	cursor	positioning.	(E)	Spectral	image	resulting	from	sector	analysis.	(F)	Zoomed	phasor	plot	indicating	sector	positioning.	(G)	Spectral	image	resulting	from	linkage	analysis.	(H)	Linkage	map	illustrating	the	colour	spectrum	between	both	cursors.					
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The	sector	spectral	image	(Fig.	5.2E)	identifies	distinct	regions	of	pixels	showing	unique	shifts	in	the	spectral	properties	of	Fura	Red.	The	cytoplasmic	and	membranous	regions	of	the	cell	are	characterised	by	the	pink	sector	(λ	=	494.1	nm)	as	well	as	the	red	sector	(λ	=	515.7	nm).	Pixels	representative	of	the	nucleus	are	associated	with	the	red	and	green	(λ	=	534.4	nm)	sectors	while	the	nucleolar	region	was	labelled	with	the	blue	(λ	=	552.2	nm),	aqua	(λ	=	569.4	nm)	and	yellow	(λ	=	588.6	nm).			Cursor	linkage	analysis	of	the	phasor	(Fig.	5.2H)	separated	several	pixel	populations	mainly	within	the	nuclear	compartment	related	to	the	spectrum	linking	the	red	cursor	(λ	=	493.6	nm,	width	=	282.2	nm)	and	green	cursor	(λ	=	568.6	nm,	width	=	107.7	nm).					
	
Cursor	
Colour	 Cursor	Analysis	(Cursor	Radius	=	0.05)	 Sector	Analysis	(Angle	=	10,	Length	=	5)	 Linkage	Analysis	(Cursor	Radius	=	0.05)	Wavelength	(nm)	 Width	(nm)	 Wavelength	(nm)	 Width	(nm)	 Wavelength	(nm)	 Width	(nm)	
Red		 519.0	 312.0	 515.7	 312.0	 493.6	 282.2	
Green	 568.6	 312.0	 534.4	 312.0	 568.6	 312.0	
Blue		 494.5	 282.3	 552.2	 312.0	 -	 -	
Pink		 473.7	 312.0	 494.1	 312.0	 -	 -	
Aqua	 -	 -	 569.4	 312.0	 -	 -	
Yellow	 -	 -	 588.6	 312.0	 -	 -	
Table	5.2:	Spectral	Data	for	the	myoblast	treated	with	20	mM	EDHB	after	2	days	of	differentiation.	Wavelength	and	width	coordinates	of	cursors	and	sectors	for	Figure	5.2.		
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5.3.2	–	Spectral	Phasor	Analysis	of	W-7	Treatment	in	Differentiating	Progenitor	
Myoblast	Cells		This	section	examines	the	effects	of	0.133	mM	W-7	on	live	differentiating	myoblast	cell	at	the	24-hour	(Fig.	5.3)	and	48-hour	(Fig.	5.4)	period	of	differentiation.			Figure	5.3A	displays	the	live	progenitor	myoblast	that	has	been	treated	with	W-7	and	differentiated	for	24	hours.	This	confocal	image	demonstrates	fluorescence	due	to	calcium-bound	Fura	Red	localised	within	the	cell.	Fluorescence	intensity	shows	an	even	distribution	of	calcium	throughout	the	compartments	of	the	cell.	Furthermore,	the	morphology	of	the	L6	progenitor	cell	appears	to	have	been	maintained	to	a	degree	as	the	cell	is	attached	and	maintains	the	characteristic	spindle	shape.	Despite	this,	blebbing	and	a	decrease	in	the	organisation	of	cellular	compartments	are	apparent.		Applying	Spectral	Phasor	to	the	live	W-7	treated	myoblast	that	had	been	differentiated	for	24	hours;	a	phasor	was	developed	that	is	located	between	the	first	and	second	quadrants	of	the	phasor	plot	(Fig.	5.3B).	Cursor	analysis	of	the	phasor	(Fig.	5.3D)	conveyed	several	spectrally	distinct	regions	within	the	spectral	image	(Fig.	5.3C).	The	nuclear	compartment	is	mapped	predominately	back	to	the	green	cursor	(λ	=	498.1	nm)	while	small	portions	of	the	nucleus	are	labelled	by	the	blue	cursor	(λ	=	534.4	nm).	Pixels	representing	the	cell	membrane	and	cytoplasm	are	characterised	in	large	by	the	red	cursor	(λ	=	493.7	nm)	but	also	in	part	by	the	green	cursor.		The	use	of	angular	sectors	to	analyse	the	phasor	(Fig.	5.3F)	produced	a	spectral	image	(Fig.	5.3E)	that	distinguished	between	discrete	regions	exhibiting	unique	spectral	properties.	Cellular	compartments	were	not	clearly	evident	using	this	form	of	analysis	but	could	be	inferred	based	off	the	confocal	overlay	image.	The	nuclear	region	of	the	cell	was	characterised	by	the	green	(λ	=	499.9	nm)	and	blue	(λ	=	509.2	nm)	sectors.	Regions	of	the	cytoplasm	were	mainly	labelled	by	the	red	sector	(λ	=	490.6	nm)	but	sections	of	the	cytoplasm	could	also	be	mapped	back	to	
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the	green	and	blue	sectors.	Pixels	representative	of	the	cell	membrane	were	related	back	to	the	red	and	yellow	(λ	=	482.4	nm)	sectors.			Cursor	linkage	of	the	red	(λ	=	490.2	nm,	width	=	80.1	nm)	and	green	cursor	(λ	=	511.9	nm,	width	=	312.0	nm)	across	the	phasor	(Fig.	5.3H)	separated	several	pixel	populations	in	the	linkage	spectral	image	(Fig.	5.3G).	These	distinct	groups	of	pixels	were	primarily	identified	within	the	nuclear	compartment	and	the	surrounding	cytoplasm.					
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Figure	5.3:	Spectral	Phasor	Analysis	of	a	live	progenitor	myoblast	treated	with	0.133	mM	W-7	after	1	day	of	
differentiation.	(A)	Confocal	overlay	of	fluorescence	and	pseudo-bright	field.	(B)	Full	phasor	plot.	(C)	Spectral	image	resulting	from	cursor	analysis.	(D)	Zoomed	phasor	plot	illustrating	cursor	positioning.	(E)	Spectral	image	resulting	from	sector	analysis.	(F)	Zoomed	phasor	plot	indicating	sector	positioning.	(G)	Spectral	image	resulting	from	linkage	analysis.	(H)	Linkage	map	illustrating	the	colour	spectrum	between	both	cursors.					
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		The	confocal	overlay	image	(Fig.	5.4A)	illustrates	Fura	Red	fluorescence	localised	within	the	W-7	treated	live	progenitor	myoblast	cell	that	has	been	differentiated	for	2	days.	Consistent	fluorescence	intensity	across	the	cell	indicates	an	even	distribution	of	calcium	across	the	cell.	Furthermore,	the	normal	morphology	of	the	L6	myoblast	cell	has	been	disrupted.	The	cell	has	evidently	detached	and	does	not	exhibit	the	typical	spindle	shape.	Disassembly	of	the	cellular	compartments	within	the	cell	is	also	evident	in	this	specimen.		Spectral	Phasor	analysis	of	the	treated	myoblast	generated	a	phasor	that	was	positioned	between	the	first,	second	and	third	quadrants	of	the	scatter	plot	(Fig.	5.4B).	The	application	of	cursors	to	the	phasor,	in	Figure	5.4D,	conveys	discrete	regions	that	exhibit	unique	shifts	in	the	spectral	properties	Fura	Red.	Shifts	indicative	of	the	red	cursor	(λ	=	572.0	nm)	are	mapped	in	the	large	majority	of	pixels	within	the	spectral	image	(Fig.	5.4C)	of	the	cell.	The	pixels	representative	of	the	cell	membrane	display	spectral	properties	related	to	the	blue	(λ	=	500.7	nm),	pink	(λ	=	578.4	nm)	and	yellow	(λ	=	537.8	nm)	cursors.	The	blue,	yellow	and	pink	cursors	also	label	discrete	regions	of	the	cytoplasmic	compartment.		In	
Cursor	Colour	 Cursor	Analysis	
(Cursor	Radius	=	0.05)	 Sector	Analysis	(Angle	=	5,	Length	=	10)	 Linkage	Analysis	(Cursor	Radius	=	0.05)	Wavelength	(nm)	 Width	(nm)	 Wavelength	(nm)	 Width	(nm)	 Wavelength	(nm)	 Width	(nm)	
Red		 493.7	 146.3	 490.6	 254.9	 490.2	 80.1	
Green	 498.1	 312.0	 499.9	 250.7	 511.9	 312.0	
Blue		 514.0	 312.0	 509.2	 248.7	 -	 -	
Pink		 488.3	 79.0	 -	 -	 -	 -	
Aqua	 -	 -	 -	 -	 -	 -	
Yellow	 -	 -	 482.4	 257.1	 -	 -	
Table	5.3:	Spectral	Data	for	the	myoblast	treated	with	0.133	mM	after	1	day	of	differentiation.	Wavelength	and	width	coordinates	of	cursors	and	sectors	for	Figure	5.3.		
	 69	
the	region	of	the	cell	that	appears	to	be	reminiscent	of	the	cell	nucleus,	pixels	are	characterised	largely	by	the	green	cursor	(λ	=	617.9	nm).			
	Sector	analysis	of	the	phasor	(Fig.	5.4F)	presents	separation	between	discrete	regions	indicative	of	unique	alterations	to	the	spectral	profile	of	Fura	Red	in	the	sector	spectral	image	(Fig.	5.4E).	The	cytoplasmic	region	is	characterised	by	the	pink	(λ	=	579.3	nm),	blue	(λ	=	555.5	nm),	red	(λ	=	535.9	nm)	and	yellow	(λ	=	517.9	nm)	sectors.	The	area	assumed	to	be	reminiscent	of	the	nuclear	
Figure	5.4:	Spectral	Phasor	Analysis	of	a	live	progenitor	myoblast	treated	with	0.133mM	W-7	after	2	days	of	
differentiation.	(A)	Confocal	overlay	of	fluorescence	and	pseudo-bright	field.	(B)	Full	phasor	plot.	(C)	Spectral	image	resulting	from	cursor	analysis.	(D)	Zoomed	phasor	plot	illustrating	cursor	positioning.	(E)	Spectral	image	resulting	from	sector	analysis.	(F)	Zoomed	phasor	plot	indicating	sector	positioning.	(G)	Spectral	image	resulting	from	linkage	analysis.	(H)	Linkage	map	illustrating	the	colour	spectrum	between	both	cursors.					
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compartment	is	labelled	by	the	green	sector	(λ	=	611.4	nm)	while	the	cell	membrane	is	related	to	the	aqua	sector	(λ	=	497.1	nm).		Linkage	between	red	cursor	(λ	=	501.1	nm,	width	=	312.0	nm)	and	green	cursor	(λ	=	612.2	nm,	width	=	312.0	nm)	covering	the	phasor	(Fig.	5.4H)	separated	several	pixel	populations	based	on	the	linking	colour	palette.	The	linkage	spectral	image	(Fig.	5.4G)	identifies	spectrally	distinct	groups	of	pixels	across	the	cell.	Pixels	around	the	region	presumed	to	be	the	remnants	of	the	nucleus	show	spectral	similarity	while	there	appears	to	be	several	pixel	populations	evident	throughout	the	cytoplasm	and	cell	membrane.			 	
Cursor	Colour	 Cursor	Analysis	
(Cursor	Radius	=	0.05)	 Sector	Analysis	(Angle	=	10,	Length	=	6)	 Linkage	Analysis	(Cursor	Radius	=	0.05)	Wavelength	(nm)	 Width	(nm)	 Wavelength	(nm)	 Width	(nm)	 Wavelength	(nm)	 Width	(nm)	
Red		 572.0	 312.0	 535.9	 312.0	 501.1	 312.0	
Green	 617.9	 312.0	 611.4	 312.0	 612.2	 312.0	
Blue		 500.7	 312.0	 555.5	 312.0	 -	 -	
Pink		 578.4	 312.0	 579.3	 312.0	 -	 -	
Aqua	 -	 -	 497.1	 312.0	 -	 -	
Yellow	 537.8	 312.0	 517.9	 312.0	 -	 -	
Table	5.4:	Spectral	Data	for	the	myoblast	treated	with	0.133	mM	W-7	after	2	day	of	differentiation.	Wavelength	and	width	coordinates	of	cursors	and	sectors	for	Figure	5.4.		
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5.4	-	Discussion			Spectral	Phasor	analysis	of	calcium-bound	Fura	Red	has	enabled	the	characterisation	of	spectral	shifts	related	to	calcium	in	live	differentiating	progenitor	myoblast	cells	treated	with	W-7	or	EDHB.	The	treatment	of	the	differentiated	myoblasts	with	EDHB	and	W-7	were	shown	to	cause	distruptions	to	the	differentiation	process	of	the	L6	progenitor	myoblasts.		Alterations	to	the	spectral	profile	of	Fura	red	associated	with	calcium	could	be	characterised	and	mapped	to	the	compartments	of	the	cell	where	evident.		
5.4.1	–	Spectral	Phasor	Analysis	of	Calcium	in	EDHB	Treated	Differentiating	
Progenitor	Myoblast	Cells			Treatment	of	differentiating	L6	progenitor	myoblast	cells	with	collagen	synthesis	[15]	and	differentiation	[16]	inhibitor	EDHB	revealed	changes	to	the	normal	morphology	of	the	cell	and	illustrated	alterations	to	the	spectral	profile	of	Fura	Red.	EDHB	was	added	to	the	cell	culture	media	at	a	concentration	of	20	mM	which	was	significanly	higher	than	the	concentrations	obeserved	in	the	studies	conducted	by	Rocnik	et	al	[15]	and	Nandan	et	al	[16],		0.4	mM	and	0.2	mM	respectively.	This	high	concentration	was	selected	due	to	the	short	24-hour	treatment	exposure	period	relative	to	the	72-hour	[16]	and	96-hour	exposure	periods	in	the	literature.			Confocal	images	of	the	EDHB	treated	progenitor	myoblasts	at	the	one	and	two	day	stages	of	differentiation	exhibit	fluorescence	demonstrating	Fura	Red	had	been	taken	up	and	bound	to	calcium	within	these	cells.	This	indicates	that	the	EDHB	treatment	does	not	affect	the	cell	permeant	properties	of	Fura	Red	illustrated	in	Chapters	3	&	4.	Furthermore,	fluorescence	intensity	in	the	myoblast	differentiated	for	1	day	shows	a	relatively	even	dispersal	of	calcium	throughout	the	cell.	Yet	in	the	myoblast	differentiated	for	2	days,	calcium	appears	to	be	localised	to	the	nuclear	compartment	and	the	cytoplasm	surrounding	the	nucleus.	The	impact	of	EDHB	on	the	collagen	synthesis	pathway	has	been	documented	to	affect	the	hydroxylation	of	procollagen	[13-15]	by	endoplasmic	reticulum	enzyme	prolyl-4-hydroxylase	[68].	Hence,	this	
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localisation	of	calcium	around	the	nuclear	compartment	may	be	indicative	of	its	role	in	response	to	the	inhibition	of	normal	procollagen	secretion.	The	observation	of	abnormailites	in	the	morphology	of	the	treated	L6	cell	differentiated	for	2	days	may	have	also	been	contributed	to	by	this	disruption	of	the	collagen	synthesis	pathway.				Spectral	Phasor	analysis	of	the	treated	cells	further	eludicated	discrete	regions	that	caused	unique	shifts	in	the	spectral	profile	of	calcium-bound	Fura	Red.		There	was	a	marked	shift	in	the	positioning	of	the	phasor	between	the	differentiating	EDHB	treated	cells.	The	phasor	for	the	treated	myoblast,	differentiated	for	one	day	was	located	between	the	first	and	second	quadrants	away	from	the	centre	of	the	plot.	The	treated	myoblast	differentiated	for	2	days	generated	a	phasor	dispersed	between	the	first	second	and	third	quadrant	and	was	located	near	the	centre	of	the	plot.	This	indicates	that	the	maximum	emission	wavelength	of	Fura	Red	had	increased	and	spectral	width	had	decreased	in	the	cell	differentiatied	for	2	days	compared	with	the	cell	that	had	only	differentiated	for	1	day.	This	may	also	be	an	indication	of	the	altered	role	of	calcium	in	differentiation	as	a	result	of	EDHB	treatment.		Analysis	of	the	phasors	in	the	treated	cells	differentiated	for	24	and	48	hours	demonstrated	a	separation	of	regions	that	exhibit	unique	spectral	properties.	Given	the	effect	of	EDHB	on	a	endoplasmic	reticulum	enzyme,	the	nuclear	compartment	and	surrounding	cytoplasm	were	flagged	as	regions	of	interest.			Cursor	analysis	of	the	EDHB	treated	myoblast	differentiated	for	24	hours	showed	the	nuclear	region	exhibited	several	distinct	regions	associated	with	the	spectral	properties	unique	to	the	cursor	they	were	labelled	by.	Surrounding	the	nucleus,	there	appeared	to	be	additional	discrete	regions	that	were	not	found	in	the	nuclear	compartment.	The	cells	differentiated	for	48	hours	did	not	display	the	spectral	variability	that	was	evident	in	the	24	hour	differentiation.	Variation	in	spectral	properties	of	regions	within	the	nucleus	of	the	cell	differentiated	for	48	hours	were	reduced	when	compared	to	the	nuclear	compartment	of	the	cell	differentiated	for	24	hours.	This	reduced	variability	in	spectral	properties	was	
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also	evident	in	the	cytoplasm	surrounding	the	nucleus.	Interestingly,	the	nucleolar	compartment	was	characterised	in	the	treated	cell	that	had	undergone	a	48	hour	differentation	and	this	region	was	spectrally	distinct	from	other	regions	of	the	cell.			Sector	analysis	of	the	treated	differentiating	cells	revealed	many	of	the	same	trends,	related	to	spectral	variability	within	the	regions	of	interest,	as	were	identified	using	cursor	analysis.	Sector	analysis	of	the	treated	myoblast	that	was	differentiated	for	48	hours	did	however	distinguish	between	regions	in	the	nucleus	that	exhibited	different	shifts	in	the	spectral	properties	of	Fura	Red.	Cursor	linkage	analysis	confirmed	unique	spectral	shifts	in	discrete	regions	mapped	throughout	the	nucleus	and	surrounding	cytoplasm	within	the	EDHB	treated	differenitating	myoblasts.	In	the	cell	differentiated	for	24	hours	variation	in	spectrally	discrete	regions	was	most	evident	in	the	nucleus	yet	did	also	show	some	variability	in	the	cytoplasm.	This	observation	was	also	obvious	in	the	cell	diffferentiated	for	48	hours.			These	variations	 in	 the	spectral	properties	of	Fura	Red	throughout	 the	nucleus	and	cytoplasm	may	be	indicative	of	diverse	interactions	experienced	by	calcium	in	these	regions.	There	appears	to	be	differing	alterations	to	the	spectral	profile	of	 Fura	Red	 between	 the	EDHB	 treated	 cells	 differentiated	 for	 either	 24	 or	 48	hours.	Hence,	Spectral	Phasor	analysis	of	calcium-bound	Fura	Red	has	shown	the	capacity	to	distinguish	between	regions	of	spectral	difference	throughout	EDHB	altered	 myoblast	 differentiation	 to	 provide	 further	 insights	 into	 the	 role	 of	calcium	under	this	treatment	condition.				
5.4.2	–	Spectral	Phasor	Analysis	of	Calcium	in	W-7	Treated	Differentiating	
Progenitor	Myoblast	Cells			Differentiating	L6	progenitor	myoblast	cells	treated	with	CaM	inhibitor	W-7	disclosed	irregular	myoblast	morphology	in	response	to	treatment	and	conveyed	alterations	to	the	emission	spectrum	of	calcium-bound	Fura	Red.	W-7	was	introduced	to	the	cell	culture	media	at	a	concentration	of	0.133	mM.		This	
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concentration	was	greater	than	the	concentrations	reported	in	the	studies	utilising	W-7	as	a	CaM	inhibitor	[32,34].	Coen	et	al	[34]	utiliised	an	0.01	mM	W-7	concentration	incubated	over	72	hours.	Based	on	a	shorter	incubation	period	of	24	hours,	a	greater	concentration	of	W-7	was	utilised	to	inhibit	CaM	in	the	differentiating	myoblast	cells.		Confocal	images	of	the	differentiating	myoblast	cells	exposed	the	effects	of	W-7	on	the	morphology	of	the	differentiating	myoblasts.	Fluorescence	intensity	revealed	the	distribution	of	calcium	within	both	of	the	treated	differentiating	myoblasts.	This	inferred	that	the	cell	permeant	properties	of	Fura	Red	was	not	affected	in	the	presence	of	W-7.	In	the	W-7	treated	myoblast	differentiated	for	24	hours,	the	spindle	shape	characteristic	of	the	L6	myoblast	line	was	maintained	but	the	cellular	compartments	showed	signs	of	apoptosis.	The	myoblast	differentiated	for	48	hours	did	not	exhibit	the	normal	spindle	morphology	rather	was	circular	in	shape.	A	loss	of	defined	cellular	compartments	representative	of	cell	death	was	also	evident	in	the	W-7	treated	sample	that	was	differentiated	for	48	hours.	CaM	complexes	have	been	reported	to	influence	components	of		signalling	pathways	that	dictate	cell	death	[69,70].	Hence,	the	observation	of	apoptosis	in	these	differentiating	L6	myoblast	cell	following	treatment	with	W-7	supports	the	reported	notion	of	CaM	influenced	cell	death.			Analysis	of	the	phasors	generated	from	the	24-hour	and	48-hour	differentiated	myoblast	cells	revealed	a	slight	difference	in	the	positioning	of	the	phasor.	Both	phasors	were	located	close	to	the	centre	of	the	plot,	which	infers	that	spectral	width	does	not	contribute	to	the	spectral	changes	seen	in	Fura	Red.	The	phasor	for	the	24-hour	differentiation	was	positioned	between	the	first	and	second	quadrants	while	the	phasor	for	the	48-hour	differentiation	was	spread	across	the	second	and	third	quadrants.	This	is	indicative	of	an	increase	in	the	emission	wavelength	of	Fura	Red	from	the	24-hour	differentiated	myoblast	sample	to	the	48-hour	differentiated	myoblast	sample.				CaM	is	ubiquitous	in	nature	[34]	therefore	each	region	of	the	differentiating	cell	was	considered	in	the	Spectral	Phasor	analysis	of	these	W-7	treated	cells.	Due	to	
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the	induction	of	apoptosis	in	the	cells,	it	is	unclear	whether	the	shifts	in	the	spectral	profile	of	Fura	Red	would	be	indicative	of	apoptotic	pathways	or	the	inhibition	of	CaM	by	W-7.	Applying	cursor	analysis	to	the	treated	differentiating	myoblasts	identified	several	distinct	populations	that	each	displayed	unique	shifts	in	the	emission	spectrum	of	calcium-bound	Fura	Red.	The	myoblasts	differentiated	for	24	hours	showed	lesser	variation	between	spectrally	distinct	pixels	than	in	the	myoblast	differentiated	for	48	hours.	These	differences	in	populations	showed	alterations	to	the	spectral	profile	of	Fura	Red	may	be	indicative	of	the	role	of	calcium	in	numerous	signalling	pathways.	This	would	support	the	concept	that	calcium	has	a	regulatory	role	in	the	signalling	pathways	that	dictate	cell	death	[5],	which	has	been	previously	acknowledged.		In	both	differentiating	myoblasts,	cursor	and	sector	analysis	of	the	phasor	confirmed	the	distinction	between	spectrally	discrete	regions	of	the	W-7	treated	myoblasts	and	illustrated	increased	variation	in	these	populations	throughout	cell	differentiation	and	death.	It	is	unclear	as	to	whether	the	variation	in	the	unique	shifts	to	the	spectral	profile	of	Fura	Red	is	due	to	calcium	interactions	with	CaM	or	its	role	in	the	signalling	of	apoptotic	events.	Nevertheless,	we	were	still	able	to	demonstrate	the	capacity	of	the	Spectral	Phasor	method	to	distinguish	between	variations	in	the	spectral	properties	of	calcium-bound	Fura	Red	localised	within	the	treated	differentiating	myoblast	cells.		 	
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Chapter	6	–	Conclusion		The	objective	of	this	research	project	was	to,	first	of	all,	determine	whether	the	Spectral	Phasor	method	could	be	adapted	to	characterise	changes	in	the	spectral	profile	of	the	calcium	specific	Fura	Red	fluorophore.	The	adaptations	to	the	parameters	of	Spectral	Phasor	analysis	were	made	to	suit	the	excitation	and	emission	spectrum	of	Fura	Red.	These	parameters	were	stipulated	in	Chapters	2.6	and	2.7.			Application	of	the	newly	adapted	approach	to	Spectral	Phasor	analysis	in	Chapter	3,	confirmed	that	shifts	in	the	spectral	profile	of	Fura	Red	bound	to	calcium	could	in	fact	be	characterised	using	the	Spectral	Phasor	approach.	Shifts	in	the	emission	spectrum	of	Fura	Red	bound	to	calcium	within	undifferentiated	myoblasts	were	identified	and	mapped	back	to	the	specific	cellular	compartments.	Variations	in	spectrally	discrete	regions	across	the	L6	myoblast	stem	cells	provided	distinction	between	areas	within	the	cell	that	could	not	be	distinguished	using	alternative	fluorescence	analysis	techniques.		Furthermore,	Chapter	3	also	served	to	address	whether	Spectral	Phasor	analysis	could	be	applied	to	both	the	fixed	and	lived	cell	environments.	The	characterisation	of	shifts	in	the	spectral	profile	of	Fura	Red	utilising	the	Spectral	Phasor	method	was	displayed	in	both	fixed	and	live	undifferentiated	progenitor	myoblast	cells.	Regions	that	exhibited	unique	alterations	to	the	spectral	properties	of	Fura	Red	were	spatially	mapped	onto	the	cells	and	could	be	related	to	specific	cellular	compartments.		We	were	also	able	to	observe	regions	amongst	the	structures	of	the	myoblast	that	displayed	similar	alterations	to	Fura	Red’s	emission	profile.			We	also	aimed	to	determine	whether	Spectral	Phasor	resolve	changes	to	the	spectral	profile	of	calcium-bound	Fura	Red	throughout	myoblast	differentiation.	This	objective	was	addressed	in	Chapter	4	as	progenitor	myoblast	cells	were	analysed	at	the	30-minute,	1-hour	and	1-day	intervals	of	myoblast	differentiation.	Spectral	Phasor	analysis	of	these	stages	of	differentiation	
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revealed	that	the	spectral	properties	of	Fura	Red	did	indeed	shift	across	the	cell	during	differentiation.	Each	stage	of	differentiation,	in	both	the	fixed	and	live	state,	exhibited	distinguishable	alterations	to	the	emission	profile	were	unique	to	that	specific	stage	of	differentiation.	It	also	disclosed	that	the	spectral	properties	calcium-bound	Fura	Red	in	the	live	differentiating	environment	was	not	able	to	be	resolved	as	clearly	as	was	possible	in	the	fixed	samples.					Finally,	in	light	of	the	characterisation	of	spectral	shifts	in	calcium-bound	Fura	Red	during	differentiation,	we	aimed	to	analyse	spectral	profile	alterations	in	live	differentiated	myoblasts	treated	with	EDHB	and	W-7.	This	aim	was	addressed	in	Chapter	5	conveying	the	capability	for	Spectral	Phasor	analysis	to	characterise	shift	in	calcium-bound	Fura	Red	under	treatment	conditions.	Despite	this	capacity,	we	were	unable	to	elucidate	whether	these	shifts	were	indicative	of	a	calcium	interaction	with	the	target	of	the	inhibitor	or	whether	the	shifts	were	indicative	of	the	calcium	microenvironment	within	the	discrete	region	where	the	alteration	was	occurring.			Consequently,	this	project	was	able	to	adapt	the	Spectral	Phasor	method	to	provide	a	novel	approach	to	analysing	the	role	of	calcium	in	cellular	processes.	These	characteristic	changes	in	the	spectral	profile	of	calcium	specific	fluorophore	Fura	Red	were	indicative	of	discrete	calcium	microenvironments.	Inferred	calcium	microenvironments	could	be	spatially	mapped	onto	the	cell	to	identify	regions	that	may	be	distinct	or	share	similarities	across	the	compartments	of	the	cell.	Hence,	this	newly	developed	approach	has	the	potential	to	further	elucidate	the	roles	of	calcium	in	cellular	processes	as	well	as	the	interactions	experienced	by	calcium	within	the	cellular	environment.							
6.1	Future	Works		There	remains	to	be	a	number	of	avenues	that	can	be	explored	on	the	basis	of	these	findings.	Exploration	of	changes	in	the	spectral	profile	of	calcium-bound	Fura	Red	throughout	the	full	process	of	myoblast	differentiation	should	be	a	focus	of	future	research	endeavours.	This	can	be	determined	using	the	same	methods	stipulated	in	Chapter	4	to	characterise	changes	in	the	spectral	
	 78	
properties	of	Fura	Red	throughout	the	later	stages	of	myoblast	differentiation	and	the	formation	of	muscle	fibres.			The	optimisation	of	spectral	acquisitions	of	Fura	Red	in	live	cell	analysis	is	an	avenue	that	can	be	investigated	further	in	future	research	efforts.	Although	Spectral	Phasor	analysis	was	able	to	resolve	various	spectral	alterations	in	calcium-bound	Fura	Red,	the	capacity	for	these	shifts	to	be	mapped	to	certain	cellular	structures	was	not	as	present	in	the	live	cell	analyses	compared	to	the	fixed	cell	analysis.	This	may	have	been	due	to	the	rapid	migration	of	calcium	within	the	live	cells.	Hence,	investigation	into	different	acquisition	speeds	in	the	acquisition	of	spectral	data	for	live	cell	analysis	is	a	question	that	can	be	examined	further	in	an	attempt	to	increase	the	resolution	of	alterations	to	the	spectral	profile	of	Fura	Red.		The	applicability	of	Spectral	Phasor	analysis	to	Fura	Red	establishes	this	method	as	a	tool	for	the	investigation	of	calcium	within	various	cell	and	tissue	types.	This	presents	an	opportunity	to	apply	this	spectral	analysis	technique	to	be	applied	to	live	cell	processes	associated	with	calcium	such	as	muscular	contraction.		Additionally,	Spectral	Phasor	analysis	may	have	the	potential	to	be	developed	into	a	technique	used	to	analyse	the	role	of	calcium	in	certain	disease	states	to	offer	greater	insights	into	how	calcium	influences	such	conditions.	Continued	development	of	this	method	may	also	have	potential	pharmalogical	applications	in	relation	to	the	analysis	of	drugs	that	specifically	target	calcium-signalling	pathways.		 	
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Appendices	
Appendix	1-	List	of	General	Equipment		
	
Equipment	 Manufacturer	 Model	Number	Autoclave	110A	Series	Sterilizer	 Atherton	 206	–	V	–	402		Biological	Safety	Cabinet	Class	II	BH2000	Series	 Clyde	Apac	 6410	–	201	/	BHA120	Cell	Culture	Flask	25	cm2	(50	mL)	 Corning	 25100	Centrifuge	5415D	 Eppendorf	 22331	Falcon	Serological	Pipette	(1,	2,	5,	10,	25	mL)	 BD	Falcon™	 -	Fast	Pipette	Pro	Pippette	Gun	 Labnet	 303952088	Forma	Direct	Heat	CO2	Incubator	 Thermo	Scientific	 311	/	144086	–	5951		Freezer	700L	Impressions	Series	 Kelvinator	 H700C*2	/	60880577	Fridge	 Westinghouse	 -	Fume	Hood	Cupboard	 Vultrex	 FC	–	21		Glass	Bottom	Cell	Culture	Dishes	35	mm	 World	Precision	Instruments	 FD35-100	Incusafe	CO2	Incubator	 Sanyo	 MCO	–	18AC		Inverted	Microscope	CKX41SF	 Olympus	 3F05112	Research	Plus	Pipettes	(2.5,	20,	200,	1000,	5000	µL)	 Eppendorf	 -	Thermoline	Shaking	Water	Bath	 Thermoline	 TSB1	/	8012	Vacuum	Pump	-	Vakuumsystem	 Vacuubrand	 20497411			 	
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Appendix	2	–	List	of	Reagents			
		 	
Reagent	 Manufacturer	 Lot	Number	
2-Mercaptoethanol	 Sigma	 M3148	
Bleach	 White	King	 3137	
Bovine	Serum	Albumin	 Sigma	 05470		
Dimethyl	Sulphoxide		 Sigma	 088K2392	
Dulbeccos	Modified	Eagle	Medium	(High	
Glucose)	 Sigma	 D5648	
Ethyl-3,4-dihydroxybenzoate	 Aldrich	 E24859	
Ethanol	100%	Undenatured	 Chem	Supply	 271017	
Formaldehyde	 Sigma	 252549	
Fungizone		 Sigma		 A2411	
Fura	Red™	 ThermoFisher	Scientific		 F3021	
Heat	Inactivated	Foetal	Bovine	Serum	 Bovogen	 1364536	
N-(6-Aminohexyl)-5-chloro-1-
naphthalenesulfonamide	hydrochloride		 Sigma	 A3281	
Non-Essential	Amino	Acids	 Sigma	 M7145	
Penicillin	/	Streptomycin	 Sigma	 P4333	
Phosphate	Buffered	Saline	pH	7.4	 Sigma	 P5439	
Sodium	Bicarbonate	 Sigma	 S5761	
Sodium	Pyruvate	 Sigma	 P5280	
Triton	X-100	 Fisons	Laboratory	Reagents	 34199193	
0.5	%	Trypsin	–	EDTA	10x	 Sigma	 59427C	
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Appendix	3	-	List	of	the	Available	Calcium-specific	Radiometric	Fluorescent	
Probes	and	their	Spectral	and	Biological	Properties			
		
		 	
	 Fura-2,	AM	 Fura-2,	
pentapotassium	
Fura	Red,	
AM	
Indo-1,	AM	 Indo-1,	
pentapotassium	
Thermofisher	
Catalog	No.	
F1221	 F1200	 F3012	 I1223	 I1202	
Ex/Em	(zero	
calcium)	
363/510	 363/510	 436/650	 355/475	 355/475	
Ex/Em	(high	
calcium)	
363/510	 363/510	 472/650	 355/401	 355/401	
Cell	Permeant	or	
Impermeant	
Permeant	 Impermeant	 Permeant	 Permeant	 Impermeant	
Properties	 Ratiometric	excitation	wavelength	changes	in	
response	to	calcium	binding	
Ratiometric	emission	wavelength	
changes	in	response	to	calcium	
binding	
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Appendix	4	–	Equation	for	the	Fourier	Transformation	of	Spectral	Image	
Data	
		The	following	equation	is	utilised	to	transform	the	spectral	data	allowing	the	generation	of	a	phasor	plot.	
	
	 𝒈 = 𝑰 𝝀 𝒄𝒐𝒔 𝟐𝝅𝒏𝝀𝑳𝝀 𝑰 𝝀𝝀              𝒔 = 𝑰 𝝀 𝒔𝒊𝒏(𝟐𝝅𝒏𝝀𝑳 )𝝀 𝑰(𝝀)𝝀 			 	
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Appendix	5	–	Referencing	of	Spectral	Files																																						
					 	
Appendix	Figure	1:	Referencing	of	Spectral	Data	Files.	Once	SimFCS	has	been	opened	and	FLIM	has	been	selected,	the	analysis	window	(A)	opens.	Selection	of	the	lifetime	form	tab	opens	up	the	lifetime	image	calculation	window	(B).	Clicking	on	file	tab	in	the	lifetime	image	calculation	window	opens	the	dropdown	menu	in	which	the	reference	spectra	file	tab	can	be	selected	(C)	to	reference	the	spectral	data	file.	All	additional	windows	that	open	after	referencing	can	be	closed	immediately.				
	
	
	
	
A 
B C 
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Appendix	6	–	Reading	and	Addition	of	Spectral	File	into	SimFCS			
		
	
	
	
	
A 
B 
	 C 
Appendix	Figure	2:	Reading	of	Referenced	Spectral	Data	Files.	Following	the	referencing	of	the	spectral	data	file,	the	file	tab	is	selected	in	the	analysis	window.	The	dropdown	menu	opens	(B)	and	the	read	referenced	and	add	tab	is	selected.	Added	reference	files	are	then	listed	(C)	and	the	phasor	indicative	of	the	data	is	plotted	on	the	scatter	plot	window	and	the	analysed	image	is	shown	in	grey-scale	within	the	spectral	image	window.		
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Appendix	7-	Hand	Draw	Removal	of	Spectral	Background			
	 	
	
	
A B 
C 
	
	
Appendix	Figure	3:	Hand	Draw	Function	of	SimFCS.	First,	in	the	lifetime	image	calculation,	the	formulas	in	selected	area	check	box	must	be	checked	(A).	Once	selected,	the	spectral	image	window	is	double	clicked	to	open	up	the	spectral	image	analysis	window	(B).	Right	clicking	the	image	in	window	B	opens	a	dropdown	menu	in	which	the	hand	draw	tab	is	selected.	A	hand	draw	window	opens	where	the	cell	can	be	drawn	around	to	isolate	the	pixels	of	the	cell.	Once	isolated,	the	hand	draw	window	is	closed	and	the	tools	tab	is	selected	in	the	spectral	image	analysis	window	opening	a	drop	down	menu	(C).	Get	ROI	is	selected	from	the	dropdown	menu	and	then	the	drop	down	menu	must	be	reopened	to	select	show	ROI.	The	spectral	analysis	window	can	then	be	closed	and	the	recalculate	button	is	clicked	to	remove	pixels	representative	of	spectral	background	from	the	phasor	plot	and	spectral	image.	
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Appendix	8-	Method	and	Parameters	of	applying	Cursor,	Cursor	Linkage	and	
Sector	Analysis	in	SimFCS			
Appendix	Figure	4:	Cursor,	Cursor	Linkage	and	Sector	Analysis	in	SimFCS.	For	cursor	analysis,	cursors	are	selected	by	checking	their	respective	check	boxes	in	the	analysis	window	under	the	cursor	tab.	The	radius	of	the	cursor	can	be	altered	in	the	box	next	to	the	cursor	colour	(A1).	Selected	cursors	are	mapped	on	the	phasor	plot	and	corresponding	pixels	are	labelled	in	the	spectral	image	window	(A2).	For	cursor	linkage,	the	link	tab	is	selected	in	the	analysis	window.	The	cursors	to	be	linked	are	typed	into	the	highlighted	window	and	the	spectrum	beside	it	can	be	changed	between	various	colour	palettes	(B1).	Pressing	the	show	map	1	and	recalculate	buttons	illustrates	the	linkage	on	the	phasor	plot	and	the	pixels	are	labelled	by	the	graduations	of	the	spectrum	(B2).	For	sector	analysis,	the	same	procedures	are	followed	as	cursor	analysis.	The	view	tab	in	the	analysis	window	(C1)	and	the	shape	of	the	cursor	is	changed	from	circular	to	angular	sector	(C2).	The	angle	and	length	of	the	sector	can	be	manipulated	in	the	respective	windows.	
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